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I. ABSTRACT 
 
 
 
Bimodal polyethylene resins are frequently used for pipe applications.  In 
this work, blending was used to produce polyethylenes with comparable 
properties, particularly with respect to processing,  stress crack resistance 
and tensile properties. Suitable blend components were identified, and 
their performance screened used ECHIP experimental design software. 
 
Blends were characterized using gel permeation chromatography (GPC), 
differential scanning calorimetry (DSC), tensile testing, stress crack 
resistance measurements, impact toughness testing, capillary rheometry 
and melt index measurements.  
 
GPC, DSC and melt index results reveal that the method of melt-
compounding produced morphologically uniform blends, with different 
degrees of compatibility depending on the type and level of branching of 
blend components. Most of the blends produced showed higher 
crystallinity values compared to a reference bimodal resin.  
 
Binary high density polyethylene (HDPE) blends showed better stiffness 
and strength properties, whereas metallocene catalyzed linear low density 
polyethylene (mLLDPE) containing blends illustrated superior elongation 
and toughness properties compared to the reference polymer and other 
binary blends. The highest resistance to slow crack growth (SCG) was 
shown by low density polyethylene (LDPE) and mLLDPE containing blends 
due to their high branching content. The overall blend resistance to SCG 
or toughness can be enhanced with levels less than 20% by weight of 
LDPE or mLLDPE in the  blend although the tensile properties are 
relatively unaffected at these low concentrations. 
 
The performance of blends was optimized by changing component 
polymers and their weight fractions, and a model to predict optimum 
blends was developed using the Maple code. Optimized blends showed 
higher branching content, comparable molecular weight, molecular weight 
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distribution, tensile properties, viscosity and processing behaviour to the 
reference polymer. Optimized blend 3, in particular, encountered the same 
degree of shear thinning as the reference material. Better toughness and 
resistance to SCG were shown by the optimized blends when compared to 
the reference polymer. 
 
 
Key words: HDPE, LDPE, mLLDPE, Polyethylene Blends, Bimodal 
Polyethylene, Pipe Applications, ECHIP Experimental Design, Polyethylene 
Characterization, Polyethylene Optimization, Modelling, Maple Code. 
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1. BACKGROUND AND OBJECTIVES 
 
 
1.1 Introduction 
 
 
The main attractive features of polyethylene (PE), in addition to its low 
price, are excellent electrical insulation properties, very good chemical 
resistance, good processability, toughness and flexibility. PE is produced 
through polymerization of ethene and it has one of the simplest molecular 
structures of a polymer: a long chain aliphatic hydrocarbon. PE in general 
is characterized by a regular and flexible (C-C bonds) chain structure, 
thus, a low value of the glass transition temperature is expected. PE’s 
crystalline melting temperature is usually in the range 108-140°C. The 
strength of PE comes only from the close molecular packing induced by 
crystallization.  
 
For many high density polyethylene (HDPE) applications, enhanced 
toughness, strength and cracking resistance are important. These 
properties are more readily attainable with high molecular weight PE. 
However, as the molecular weight of the polymer increases, the ease of 
processibility decreases. Polyolefins having a bimodal molecular weight 
distribution (MWD) were therefore developed, because they can combine 
the advantageous good mechanical properties of the high molecular weight 
(HMW) fraction with the improved processing properties of the low 
molecular weight (LMW) fraction.  
 
These bimodal products vary from linear low density polyethylene (LLDPE) 
to HDPE. Accordingly, the product density varies in the range of 918-970 
kg/m3 and the melt index (MI) varies between 0.02-1.00 g/10min. In 
addition, the MWD of PE can be rationally controlled from narrow to wide 
to satisfy various requirements such as strength of pipe, bubble stability 
of blown film, stiffness of blown articles, and shrinkage of cable sheath 
etc.    
 
Bimodal PEs have been developed as improved materials with good 
durability, particularly for pipe applications. The conventional facility used 
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to produce bimodal PE is two reactors in series. The whole production 
process is highly flexible and it is easy to control the molecular weight and 
the MWD of the PE.  
 
Although there is extensive literature on the effect of different catalysts on 
the morphology and branch structure of bimodal PE’s, there is relatively 
little concerning the relationship between mechanical and rheological 
properties and processing behaviour. The good performance of the 
bimodal PE in respect of slow crack growth (SCG) is still not fully 
understood. Behaviour of these polymers is believed to be dependent on 
the molar mass of the two components and the processing conditions. 
Specific work on particular systems is therefore necessary to understand 
the performance of these materials in  more detail. 
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1.2 Aims and Objectives 
 
Therefore, this work is aimed to: 
 
• Understand structure / property / processing relationships in 
bimodal PE for pipe applications. 
• Develop PE melt blends for pipe applications with a good control 
over processing and properties such as stress crack resistance and 
impact strength. 
• Compare the performance of the resultant blends with equivalent 
reactor bimodal grades. 
• Optimize the performance of PE blends through optimizing 
extrusion conditions and varying weight fractions of components 
forming PE blends. 
 
 Literature and Patent Survey
Selecting Unimodal / Bimodal SABIC and 
Competitors Materials 
Bimodal Pipe Grades Unimodal PE Grades 
Blending
Pellet Characterization: Raman, FTIR, 
GPC, DSC, Microscopy & Rheology 
Sheet Extrusion: Haake 
 
Linking Product Performance to 
Structure & Blend Composition 
Evaluation of Pipe Performance: 
Tensile, Toughness, Slow Crack Growth 
Development of a Model to Predict 
Optimum Blend Composition 
Writing PhD Thesis 
Compounding and Evaluatingthe 
Optimized Blend(s) 
 
 
         Figure.1.1 : Schematic of work plan 
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2. LITERATURE REVIEW 
 
2.1      Polyethylene 
 
2.1.1 Polymerization Processes 
 
 
One of the highest demand and growth rates of polymers worldwide 
belongs to PE, with its attractive features such as excellent electrical 
insulation properties, very good chemical resistance, good processability 
toughness and flexibility. There are four groups of processes [1] to prepare 
high polymers of ethylene: 
? High pressure processes 
? Ziegler processes 
? The Phillips process 
? The Standard Oil (Indiana) processes. 
 
 
2.1.2   Structure and Properties of Polyethylene 
 
PE has one of the simplest polymer molecular structures: a long chain 
aliphatic hydrocarbon: 
 
Figure.2.1 : Molecular structure of PE 
 
PE in general is characterized by an extremely regular and flexible (C-C 
bonds) molecular chain structure. Thus, a low value of the glass transition 
temperature is obtained (~  -110ºC). Upon cooling a polymer from the melt 
state, the disentangled chains will align themselves in plates of 
orthorhombic unit cells to form crystal lamellae. The structure of lamellae 
started on a nucleation site continues to radially extend to form a 
spherulite. PE crystalline melting temperature is usually in the range 108-
132°C [2]. The strength of PE comes from the close molecular packing 
induced by crystallization.  
 
PE is available in a variety of molecular weights and densities, which have 
been tailored to specific end-use markets. The most important parameter, 
governing resin properties, is density which is taken as a measure of short 
chain branching (SCB). PE is essentially a composite material consisting 
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of a rigid crystalline phase and an amorphous phase. As crystallinity 
decreases with decreasing bulk density, the product becomes softer and 
more pliable, clarity and toughness increase while yield strength 
decreases. PE can be generally classified on the basis of its density into 
the product types listed in Table.2.1: 
 
Table.2.1 : Commercial classification of PE resins [2] 
PE product Density (kg/m3) 
High density polyethylene (HDPE) 940-970 
Medium density polyethylene (MDPE) 926-939 
Linear low density polyethylene (LLDPE) 915-926 
Low density polyethylene (LDPE) 915-940 
Very low density polyethylene (VLDPE) 890-915 
 
 
 
HDPE has very little side branching (i.e. more densely packed molecular 
structure and higher melt viscosity), which distinguishes it from LDPE 
(Figure.2.2). This feature gives it higher thermal resistance and generally 
better strength properties. 
 
 
 
 
Figure.2.2 : Structure of (1) LDPE, (2) LLDPE, and (3) HDPE [2] 
 
 
LDPE is less ordered than HDPE and has lower crystallinity due to the 
interference from the side branches. LDPE is made by the high pressure 
polymerization of ethylene (sometimes LDPE is also referred to as high 
pressure LDPE or HP-LDPE). LDPE also contains long branches due to 
free radical polymerization which makes it easier to process than linear 
low-density polyethylene (LLDPE), which is similar to LDPE, but with 
controlled length short branches and no long branches. Density is 
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controlled by the addition of comonomers such as butene, hexene, or 
octene. These comonomers give rise to short chain branches of different 
lengths, two carbon atoms for butene, four for hexene and six for octene. 
LLDPE generally has properties in between those of LDPE and HDPE, 
based on a more limited effect from the side chain branching. LLDPE is 
much stronger than LDPE, but LDPE is cheaper and easier to produce. 
 
Under load, PE will deform continuously with time (creep). Knowledge of 
creep behaviour is important when considering load bearing applications, 
such as water piping. The specific heat of PE is higher than most of 
thermoplastics and is strongly dependent on temperature, whilst melting 
point Tm varies with density. The melts are pseudoplastic and the zero 
shear rate apparent viscosity of linear PE is related to the weight average 
molecular weight by the relationship [2]: 
 
3.4
0η *= K MW  
 
where K is constant. The most common commercial grades of PE have 
number average molecular weights (Mn) of the order of 10000-40000. 
 
Oxidation reactions can occur during processing and may cause a 
reduction in melt viscosity. The lower the number of tertiary carbon atoms 
in PE, the more resistant to oxidation.  As a non-polar material, properties 
such as power factor and dielectric constant, which are linearly dependent 
on density, are almost independent of temperature and frequency. 
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2.1.3  Importance of Molecular Weight Distribution and Co-monomer 
Distribution for Physical Properties  
 
 
The MWD of a polymer is a very important factor in determining its 
mechanical properties and processing behaviour. The mechanical 
properties of a polymer in the solid state such as its stiffness, toughness, 
impact strength and stress crack resistance depend upon its crystalline 
structure.  
 
The thickness and shape of the lamellae are determined by the ability of 
the polymer chains to pack together. The degree of crystallinity and 
melting point of the polymer depends on the length of the chains and the 
presence of any side branches. The stiffness of the polymer depends on its 
degree of crystallinity. Toughness and long term creep properties, such 
environmental stress crack resistance (ESCR), are highly influenced by the 
entanglement of the longer chains to increase ‘tie molecule’ concentration 
and better link the polymer crystallites. Chain entanglements and tie 
molecules are located in the amorphous region and are sandwiched 
between the crystal lamellae [3, 4]. 
 
It is generally found that the mechanical properties of a polymer 
deteriorate with broadening MWD. Polymers with narrower MWD, 
crystallize more uniformly and exhibit better physical properties such as 
increased dimensional stability, higher impact resistance, greater 
toughness at low temperatures and higher ESCR. However, broadening of 
the MWD enhances the polymer processibility.  
 
In an extrusion process, resins with broader MWDs exhibit lower 
viscosities at processing shear rates. Depending on the processing method 
used such as injection moulding, blow moulding, extrusion, etc., there is a 
processibility trade-off with regards to the achievable properties. This is 
one of the major reasons why the plastics market contains so many 
different grades of each polymer, even though the chemical composition 
may be identical. One method of tailoring the property-processing 
relationship is to control the shape of the MWD.  
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For many industrial resins, especially for pipe grades, the MWDs are very 
broad and sometimes bimodal (Figure.2.3). Bimodal resins have a HMW 
component to impart strength and toughness and a LMW component to 
facilitate extrusion. For bimodal PEs made in series reactors, the addition 
of HMW copolymer increases the number of entanglements and enhances 
their toughness and ESCR [3-6]. 
 
Figure.2.3 :  Typical molecular weight and comonomer distributions of PE  
(a) conventional Ziegler-Natta PE made in a single reactor (b) bimodal Ziegler-Natta 
PE made in a series of reactors [6] 
 
 
2.1.4 Polyethylene Catalysis 
 
PE can be produced by the use of chromium/silica catalysts, Ziegler-Natta 
catalysts or metallocene catalysts [7]. While chromium (Phillips) and 
titanium (Ziegler/Natta) catalysts have been widely used in the polyolefin 
industry since the 1950's and 60's, it took until the 90's for a new type of 
catalyst to be applied on an industrial scale. Unlike the two conventional 
catalysts that are "multi-site" catalysts the new metallocene catalysts 
provide only a single active centre. A comparison between Ziegler-Natta 
and metallocene/single site catalysts is shown in Table.2.2: 
 
Table.2.2 : Catalysts and the polymers produced- comparison [7] 
Ziegler-Natta Catalysts    Metallocene/Single-Site Catalysts 
Heterogeneous       Homogeneous or supported 
Many active, differentiated sites    One active polymerization site 
Mixed molecular species     One molecular species 
Broad MWD       Narrow MWD 
High and low molecular weight control   Precise molecular weight control 
Varied co-monomer introduction    Uniform co-monomer distribution 
Broad copolymer composition       Narrow copolymer composition 
Blocky sequence distribution (random)   Homogeneous product 
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2.1.5 The Technology of Metallocene-Based Polyethylene   
2.1.5.1 Introduction and Historical Perspectives 
 
The development and commercialization of metallocene catalyzed 
polyolefins in the 1990s has led to polymers with greatly enhanced 
performance over LLDPEs, particularly in regards to film toughness and 
processibility. Dow Chemical and Exxon (now Exxon Mobil) have led the 
development of these new PEs in the US via their respective INSITETM and 
EXXPOLTM [8] technologies. Ethylene sequence length distribution 
decreases with increasing the amount of hexyl branches causing a shift 
from thermoplastic to thermoelastomer. These new polyolefins result from 
catalysis by with what are alternatively called metallocene catalyst, 
constrained geometry catalysts (CGC) or single site catalysts. A recent two 
volume set of books edited by Scheirs and Kaminsky and another volume 
edited by Benedikt and Goodall extensively covered the origins and many 
aspects of this new technology [9]. Chum et al. have recently published an 
article covering some of these developments from the Dow Chemical 
perspective [10]. Although not as extensive as the book based 
compendiums, this paper is intended to provide an overview of this 
technology, as applied to PEs, and alternative explanations in the 
materials science arena. 
 
The shortcomings or disadvantages of LLDPE can be summarized as 
relative lack of melt elasticity (as long chain branching enhances melt 
strength), poor processing, poor homogeneity of microstructure and 
melting behaviour. These disadvantages have been resolved by recent 
developments in the technology of CGC or metallocene single site catalyst 
which, provide controls over molecular architecture, producing 
homogeneous short chain branching distribution and has the ability to 
produce polyolefin resins with very low densities and narrow MWDs and to 
introduce long chain branches (LCB) into PE. Film blowing can be difficult 
because of the narrow MWD but the MWD can be broadened on the high 
molecular side of the distribution with the use of a co-catalyst. 
Metallocene catalyzed PE is currently being made with specific gravities in 
the range of 0.86–0.92. Films based on metallocene PE resin have superior 
tensile strength, elongation, toughness, and excellent impact and 
puncture resistance. 
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2.1.5.2   Effect of Catalyst Recipe on Molecular Architecture  
 
There are two main aspects that affect the polymerization behaviour of 
these catalysts. Firstly, the properties depend on the catalyst type. 
Catalysts with different metal centres and ligands produce polymer chains 
with different average molecular weights and vary in their ability to 
coreact the ethylene and co-monomer. 
 
 
Figure.2.4: Metallocene catalyst structures [8] 
 
Secondly, catalyst behaviour can change with the polymerization 
conditions, such as the catalyst and co-catalyst concentration, 
polymerization temperature, monomer pressure and type and 
concentration of chain transfer agents [8]. Examples (Figure.2.4) of 
metallocene chemical structures show that catalysts are bridged 
metallocenes, have very open structures, and facilitate the incorporation 
of co-monomer. However, the catalysts differ in their sensitivities to 
temperature, pressure and hydrogen. Some of the metallocene catalysts 
intended for the polymerization of polyolefins consist of a constrained 
group 4b transition metal (e.g. Ti, Zr, Hf, etc.), flanked by cyclopentadienyl 
ring structures to provide sterically hindered reaction sites. While most 
Ziegler–Natta catalysts are multi-site catalysts and produce -olefin 
copolymers, consisting of a mixture of homo- and copolymers with a 
relatively broad MWD, the use of single site metallocene based catalysts 
result in: (1) a much more homogeneous comonomer distribution with 
near perfect regularity; and (2) a lower polydispersity (Figure.2.5). 
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Figure.2.5 : Differences in MWD and short chain branching distribution between 
(a) multi-site Ziegler–Natta and (b) single site metallocene catalyzed polyolefin 
copolymers [8]  
 
In a review of metallocene PE by Bubeck [8], Flory’s most probable 
distribution equation closely describes the polydispersity index (PDI = 2) of 
single site catalyst polyolefins, particularly for linear homopolymers. This 
is considered by many as proof of the single site nature of metallocene 
catalysts. The Flory weight fraction distribution w (r) is expressed as: 
 
W (r) = ρ2 r exp(- ρr), 
 
where r is the chain length, and ρ the ratio of transfer to propagation 
rates. As a practical matter, there is some deviation from ideality, 
particularly for the copolymers. Although the PDI of polyolefins made 
using metallocene catalysts is markedly narrower than that for the 
Ziegler–Natta types (roughly 2 versus 4 to 10), the type and activity of the 
constrained 4b transition metal incorporated into the catalyst does affect 
molecular weight and MWD. Other factors that affect the molecular weight 
parameters are polymerization temperature, catalyst and co-catalyst 
concentrations, use of hydrogen as a transfer agent, and monomer 
pressure. Processing by extrusion and film blowing can be difficult 
because the nominally narrow MWD of metallocene polyolefins. One way 
of dealing with this problem is to broaden the MWD on the HMW side of 
the distribution with the use of co-catalysts. 
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2.1.5.3   Properties of Metallocene-Based PE 
 
A branched polymer is exceptional in that it can simultaneously have 
enhanced melt tension while still exhibiting shear thinning. Clearly, 
molecular weight and the type and distribution of branching can 
profoundly affect the rheology and processing of PEs [8, 100]. 
 
Metallocene catalyzed ethylene/-olefin copolymers, as practiced by Dow 
Chemical, offer enhanced processibility over Ziegler–Natta catalyzed 
equivalents in the form of extrudate stability, smoothness and melt 
fracture resistance [9]. Increased shear thinning is combined with 
enhanced melt tension, as associated with long chain branches (LCB). 
Metallocene catalyzed PE technology, as practiced by Exxon, is also 
claimed to enable controlled variation in shear rate sensitivity and melt 
strength (Figure.2.6). LDPE can be blended into metallocene polyolefins to 
enhance melt elasticity. 
 
Figure.2.6 : Rheology of selected Exxon metallocene PE copolymers of the same 
MI as a qualitative function of MWD  [9]  
 
Clearly, shear thinning alone is a strong indicator of the presence of long 
chain branches, but not a means of absolutely determining their numbers 
and types. The relative amounts of LCB in a well controlled series of 
metallocene catalyzed polyolefins can be roughly estimated by 13C nuclear 
magnetic resonance (NMR), or by gel permeation chromatography coupled 
with a low angle laser light scattering detector (GPC-LALLS) [8], but 
precise quantification of LCB and identification of LCB types are 
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problematical. These methods become increasingly inaccurate as LCB 
content decreases, because polyolefins that have quite different melt 
rheologies do not necessarily manifest differences in MWD or intrinsic 
viscosity. The definition and quantification of the topologies of LCB in 
metallocene catalyzed PEs, particularly in regards to the control of melt 
rheology are still open issues. 
 
Some models have been developed to describe the rheology of branched 
polymer melts. These provide a bridge between a kinetic model for chain 
formation in branched polyolefins polymerized with metallocene catalysts 
and their observed rheological behaviour. The model successfully 
predicted linear and non-linear extensional characteristics of long chain 
branched polyolefins. The pom–pom model has been extended to predict 
the rheological behaviour of single site metallocene PEs with LCB. All of 
these branching arrangements were found to contribute to shear thinning 
and enhanced elastic modulus relative to the linear counterpart. 
 
In the review by Bubeck [8], metallocene LLDPE resins possess similar 
melting endotherms to Ziegler–Natta-catalyzed LLDPE resins, although 
crystallization temperatures are somewhat lower for the former than the 
latter. Another study [11] used conventional and modulated temperature 
differential scanning calorimetry (DSC) to evaluate quantitatively the 
thermal properties of a set of advanced PEs synthesized from metallocene 
catalysts. Melting was described by at least two different structure forming 
processes that behave independently of each other with Avrami analysis 
showing singular exponents and low rate constants from melting kinetic 
data. Non-isothermal crystallization kinetic studies revealed the presence 
of dual crystallization peaks on linear cooling from the melt. The first 
crystallization peak was found to shift moderately with cooling rate to 
lower temperatures of crystallization whereas the second crystallization 
peak remained invariant.  
 
Fractions derived from homogeneous ethylene/1-octene copolymers 
showed a linear relationship between melting temperature and branch 
content without a significant effect associated with molecular weight. In 
striking contrast, the heterogeneous copolymer fractions derived from 
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Ziegler–Natta catalyzed ethylene/1-octene copolymers showed almost no 
depression of melting point with varying branch content. More randomly 
branched metallocene copolymers behave as if the fractions are of higher 
molecular weight when compared to less random fractions. So branch 
point distribution is much more critical for the determination of the onset 
of crystallization than nominal branch point content. 
 
The influence of crystallization temperature on secondary melting 
temperatures and a characteristic crystallization temperature, (T*) were 
determined for 12.3 mol% 1-octene copolymer. The secondary melting 
temperature increases with increasing annealing temperature (below that 
of T*) and annealing time. Multiple melting endotherms can be generated 
in metallocene copolymer polyolefins under a variety of thermal 
conditions, despite the nominally homogeneous distribution of short chain 
branching. The principal melting endotherm for a nominally homogeneous 
copolymer has a compound characteristic that is generally independent of 
Tc. 
 
Minick et al. [12] proposed that PEs made using CGC have four 
morphology regimes over the available crystallinity range. The 
categorization is based primarily on transmission electron microscopy of 
samples stained using ruthenium chloride in sodium hypochlorite. These 
are classified in their schema as the following: 
 
The proposed morphological scheme is shown for the case for ethylene/1-
octene copolymers in Figure.2.7. Ziegler–Natta based copolymers showed 
more segregated crystal populations than comparable more homogeneous 
copolymers synthesized with Ti-based or Zr-based metallocene catalysts. 
 
Wide-angle X-ray scattering (WAXS) data for metallocene ethylene/1-
octene copolymers indicated that there was no side chain incorporation 
into the crystal structures, and that the average size of the crystallites, 
their unit cell parameters and the percent crystallinity was not dependent 
on the mode of catalysis [12]. It was also found that lamellar distances 
were smaller and lamellar thickness distributions were narrower for the 
homogeneous copolymers compared to the heterogeneous copolymers of 
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the same crystallinity. At moderate undercoolings, spherulitic growth 
rates of metallocene ethylene/1-octene copolymers were of the expected 
magnitudes and decreased with increasing octene content and MW. 
However, at rapid cooling rates, the spherulitic growth rates of the 
copolymers were found to merge with those for a linear homopolymer.  
 
 
Crystallinity 
(%) 
Comonomer 
Content (mol%) 
Density 
(kg/m3) 
Description Type 
0 to 30 7 to 20 860 to 890 fringed-micelles with no lamellae 
and no spherulites 
Type I 
30 to 42 4 to 7 890 to 905 fringed-micelles mixed with 
lamellae with spherulites 
Type II 
42 to 55 0.9 to 4 905 to 930 lamellae and spherulites Type III 
 
55 to 70 0 to 0.9 930 to > 960 lamellae and spherulites but with 
fewer tie molecules than Type III 
Type IV 
Figure.2.7 : Morphology from high to low levels of crystallinity in homogeneous CGC 
polyolefin copolymers (EO) and ethylene/styrene copolymers [12]  
 
 
In the Andrews theory of copolymer crystallization [8-12], there is a 
relationship between growth rate, G, and the minimum number of 
crystallizable molecular units, N, required in sequence to form a 
secondary nucleus: ln G  ≈  - (N-1)β + ln G0 , where β is the fractional 
content of foreign units (e.g. branches, cross-links).  
 
The storage modulus and the tan δ were evaluated for two ethylene/ 1-
octene single site catalyst copolymers and a single site catalyst 
homopolymer for comparison (960, 885 and 870 kg/m3). The glass 
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temperatures of the two copolymers were found to be -40 and -50 ˚C, 
respectively. The two lower density materials were found to be 
thermoplastic elastomers. The corresponding DSC thermograms along 
with that for another 863 kg/m3 copolymer, (first heats with no 
annealing), were as shown in Figure.2.8. The fact that the melting 
endotherms were bimodal, given that the β relaxations associated with Tg 
are reasonably uniform and that the branching distribution is 
(supposedly) random, is noteworthy. The lower endotherms were ascribed 
to the melting of fringed micelles. 
 
Figure.2.8 :  DSC melting endotherms of polyolefin elastomers with different 
densities [8] 
 
 
Along with controlling the degree of crystallinity, the short chain 
branching content and distribution have a great influence on the 
mechanical properties. These include stiffness, toughness, tear resistance, 
creep rupture, ESCR, etc [8-11]. While minimizing the short chain branch 
concentration maximizes crystallinity and the elastic characteristics of 
modulus and stiffness, it is generally believed that tie molecules are the 
origin of enhanced properties associated with plastic deformation 
(ductility, toughness, tear resistance, ESCR, etc.) in PEs. It is argued that 
because of the more homogeneous and less ‘‘blocky’’ nature of the short 
chain branching distributions in metallocene PEs, the efficiency of tie 
molecule generation at a given short chain branch concentration and type 
should be superior to those of Ziegler–Natta types. More tie molecules 
would result in better mechanical properties for the metallocene PEs [10-
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12]. The yield behaviour for CGC ethylene/1-octene copolymers progresses 
from one of localized yielding and cold drawing at high density and 
crystallinity to plastomeric and finally elastomeric deformation as 
crystallinity decreases. Plumley et al. [13] reported high intrinsic tear 
strengths for a series of 1-butene, 1-hexene and 1-octene CGC 
copolymers. Polydispersity was found to have no significant effect on tear 
strength, whereas crystallinity (density) did have a significant effect with 
the optimum density being about 910 kg/m3. For a given density, tear 
strength was found to increase with increasing co-monomer unit length. 
 
 
2.1.6   Processing and Applications 
 
Melt processing is used almost exclusively with PE which is processed by 
a wide variety of continuous or cyclic techniques. Injection and blow 
moulding are examples of cyclic processes while extrusion is continuous. 
Extrusion produces end products like film, coated papers, sheet, tube, rod 
or wire covering. In injection moulding, the polymer is melted and injected 
into a mould, which is at a temperature below polymer crystallization 
temperature. In a typical blow moulding process, two halves of a mould 
close on to an annular extrudate and air is blown through a spigot to 
inflate the extrudate to take the shape of mould cavities. 
 
In polymer extrusion, several types of extrudate distortion are observed as 
the extrusion rate is increased. One study by Kim and Dealy [14,15] used 
critical tensile stress, σc, as a criterion for the onset of gross melt fracture. 
The objective of this study was to develop a criterion for the onset of gross 
melt fracture demonstrating this property of the polymer and hence not 
dependent on the apparatus used to measure it. It was found that the 
critical tensile stress was independent of molecular weight for constant 
polydispersity but increased with increasing long chain branching and 
polydispersity.  
 
Due to many attractive characteristics, PE has a wide range of 
applications. In addition to its low cost, PE has an excellent chemical 
resistance, good toughness and flexibility even at low temperatures. 
However, PE is limited by its low softening point, susceptibility to 
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oxidation, poor scratch resistance, low tensile strength and poor creep 
resistance. 
 
2.2    Bimodal Polyethylene 
 
PEs having high molecular weight values generally have better mechanical 
properties compared to their lower molecular weight counterparts. 
However, high molecular weight PEs can be difficult to process. PEs 
having bimodal MWDs are desirable because they can combine the 
advantageous mechanical properties of the HMW fraction with the 
improved processing properties of the LMW fraction. 
 
2.2.1   Processes of Producing Bimodal Polyethylene 
 
The step change in commercial low pressure PE technology came with the 
development of the chromium catalyzed Phillips loop process in the mid-
1960s which led to the production of HDPE. The commercialization of the 
gas phase process by Union Carbide Corporation heralded a decade of new 
technology developments throughout the 1970s, which saw the 
introduction of a number of solution, slurry [16,17] and gas phase 
processes [18].  
 
In this period of rapid new developments, there were new bimodal 
technologies introduced, which resulted in improvement of existing 
technologies such as Basell’s Hostalen and Mitsui’s CX high density 
processes and in the 1990s, the introduction of competing new bimodal 
technologies including Borealis’s Borstar , Basell’s Spherilene and Mitsui’s 
Evolue processes [16-18]. There are several methods for the production of 
bimodal or broad MWD resins: reactors in series configuration, single 
reactor with dual site catalysts, or melt blending. Figure.2.9 illustrates 
different processes / technologies to produce bimodal PE. These 
technologies are reviewed in the subsequent sections. 
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 Figure.2.9  : Different processes / technologies to produce bimodal PE 
 
 
2.2.1.1   Bimodal Polyethylene by Cascade Processes 
A.  HDPE (Dedicated) Ziegler Slurry Processes [16] 
 
The Ziegler slurry technologies employ dual reactors (two in series) to 
produce bimodal products. High performance polymers are based on 
resins with low concentrations of branches in the lower molecular weight 
fractions and high concentrations in higher molecular weight fractions. 
Thus sequential polymerization is employed to control co-monomer 
distribution, which is important for resin grades such as pipe applications 
that require excellent ESCR. For this reason, the so-called Ziegler slurry 
HDPE processes remain a class of dedicated HDPE processes that serve a 
high value end use market, not fully served by the swing plants (see 
section B).  
 
The process comprises of the production, first of a PE resin fraction in a 
slurry loop reactor in a diluent in the presence of a catalyst, and then the 
production of a second PE resin fraction in a second slurry loop reactor, 
serially connected to the first reactor, in the diluent in the presence of the 
catalyst; the first PE resin fraction being passed from the first reactor to 
the second reactor together with the catalyst. One of the reactors produces 
a resin fraction of higher molecular than the resin fraction produced by 
Examples
Staged Rectors Blending 
Technology 
Bimodal HDPE 
HDPE (Dedicated) 
Ziegler Slurry Processes 
LLDPE/ HDPE Swing Processes 
Gas-Phase 
Processes 
Borstar 
Process 
Univation 
Process 
Hostalen Process HDPE/mLLDPE 
bimodal blend 
Slurry Loop 
Swing Process 
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the other reactor. This is characterized by the first reactor being fed with 
ethylene and diluent, (ethylene content of at least 70 wt % based on the 
weight of the diluent) and in that in the first reactor the slurry of PE in the 
diluent has a solids content of at least 30 wt % based on the weight of the 
diluent. 
 
While the Ziegler slurry process is capable of producing a full range of 
high quality HDPE resins, it is oriented towards the high MW film, pipe, 
large part blow moulding, and fiber end-use applications, due to its 
capability to produce resins with a bimodal MWD. Note that this dual 
reactor configuration is practiced not only by the continuous stirred tank 
reactor (CSTR) slurry process, but also liquid loop, gas phase and solution 
reactors in series to produce medium MW bimodal resin. Another 
advantage of the CSTR Ziegler slurry processes continues to be their 
ability to produce very high molecular weight, (MI down to 0.025 
g/10min), bimodal resins. The future challenge to the dual reactor HDPE 
technologies, where the molecular weights of the resins produced in the 
two reactors are controlled by use of very low and very high 
concentrations of hydrogen and co-monomers in the separate reactors, is 
the potential to produce equivalent resins in a single reactor using a 
mixed catalyst system.  
 
Furthermore, the employment of low cost high activity catalysts has 
lowered the overall raw material costs, including a minimum need for 
polymer additives. There are four principal Ziegler slurry technologies 
available for license: Basell (Hostalen), Equistar-Maruzen, Mitsui Chemical 
(CX) and Nippon Nisseki. The processes are able to produce a full range of 
HDPE products including uni-modal material by operating the two 
reactors in a parallel mode.  
 
Examples of bimodal HDPE Ziegler slurry processes are the SABIC Europe 
process and the Basell (Hostalen) process. In this research project (see 
Section.3.1), three bimodal reference polymers, which were produced 
using SABIC and Basell Ziegler slurry processes, were selected and 
acquired to be evaluated and compared to different melt blends produced.  
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B. LLDPE/HDPE Swing Slurry Loop Processes [17] 
 
From a technical perspective, the principal advantage of slurry dedicated 
processes is the reactor control and efficiency, owing to the liquid filled 
loop reactor with high flow circulation velocities and heat transfer, giving 
excellent reactor condition stability and rapid transition times. 
Historically, the two process disadvantages have been: relatively high 
investment cost associated with a process requiring many polymer and 
hydrocarbon recovery steps and an inherent limitation to produce low 
density materials because of polymer solubility problems in the reactor. As 
such, producers have focused on process streamlining and the expansion 
of the product portfolio to include a full range of LLDPE grades and swing 
over to HDPE products. The dominant swing slurry loop process is based 
on the Chevron Phillips technology. More recently, Borealis introduced its 
Borstar PE process, a hybrid of a slurry loop and fluidized gas phase 
reactor technology. 
 
2.2.1.2 Bimodal Polyethylene by Single Reactor and Dual Site Catalysis  
(Gas-Phase Processes [18]) 
 
The key claimed advantages for gas phase processes are simple process 
design, (no liquid hydrocarbons), and wide product range with respect to 
co-monomer (butene-1, hexene-1, and potentially octene-1), density (890 - 
965 kg/m3), MI (0.05 – 155 g/10min) and catalyst (Ziegler-Natta, chrome 
and metallocene/single-site).  
 
Technology developments have reduced reactor residence and grade 
transition time by increasing: catalyst activity, heat removal capability and 
grade transition techniques. Process capabilities were recently extended 
by incorporating the ability to produce bimodal polymer structures 
through development of a single reactor system using various catalysts, 
supports and co-monomer systems to give the desired product 
performance. An example of bimodal HDPE produced by a gas phase 
process is the Univation technology based upon a single reactor and novel 
catalyst system. Univation patent number WO2004060864 [19] quoted a 
preparation recipe for a bimetallic catalyst for producing PE resins with a 
bimodal MWD. 
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2.2.1.3 Comparison Between Gas Phase and Slurry Loop Processes to 
Produce Bimodal PE 
 
 
The single reactor route is expected to offer significant capital cost 
savings, yet is less likely to offer the degree of process operating flexibility 
afforded by the twin reactor approach [18]. The single reactor approach 
uses mixed or dual site catalyst, often comprising one or more metallocene 
components, as discussed above.  
 
The two catalyst components generate different molecular weight fractions 
within the reactor giving the bimodal distribution. However, the single 
reactor system is typically less effective than the staged reactor in 
achieving the desired placement of co-monomer. It is desirable to have the 
higher co-monomer concentration in the light molecular weight fraction at 
the polymer, which is more readily achieved in a dual reactor 
configuration (Figure.2.10). Comparison of Unipol single reactor bimodal 
high molecular weight  HDPE film resin with ExxonMobil Escorene 7755, 
shows that the single reactor film closely matches the mechanical 
performance of the staged reactor product. 
 
 
HMW-HDPE Film -- MWD Comparison 
  
Bimodal HMW-HDPE Film -- Extrusion & 
Processing 
HMW-HDPE Film -- Product Property 
Comparison 
Figure.2.10  : Comparison between bimodal films from single (Univation) or staged 
reactors (ExxonMobil ) [18] 
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2.2.1.4   Bimodal Polyethylene by Melt Blending 
A. Background 
 
The term polymer blend can be used to describe a mixture of two or more 
polymers or copolymers [20] and can be interchanged with the term 
polymer composite, while a polymer alloy describes an immiscible polymer 
blend with a distinct phase morphology. The blending of two or more 
polymers to form a new material, is widely established as a means to 
produce new materials with tailored properties. The miscibility of the 
constituent polymers determines the compatibility of the blend on a 
molecular level that, in turn determines the ultimate properties [21,22]. 
 
In order for structural compatibility to be achieved, the polymers must 
ideally co-crystallize into a single phase and the resulting blend should 
behave like a homogeneous material [22]. In practice, however, polymers 
are often immiscible or incompatible and phase separation can occur 
which is detrimental to physical and mechanical properties. The 
properties of the individual polymers such as density, melting 
temperature, degree of crystallinity and MWD [23] also affect the 
miscibility and resulting properties of the blend. 
 
 
B. Miscibility of PE/ PE Blends 
 
Blending metallocene catalyzed linear low density polyethylene (mLLDPE) 
and conventional LLDPE with different co-monomer types and contents 
can sometimes result in phase separation [24] and a subsequent 
detriment to some of the mechanical properties. Indeed, binary blends of 
mLLDPEs can exhibit liquid-liquid phase separation (LLPS) that is affected 
primarily by branch content and to a lesser extent, branch type [25].  
 
Blends of HDPE and LLDPE can co-crystallize into a single phase and are 
thus considered compatible [26]. The type and level of branching of the 
LLDPE component, however, is influential with regard to co-crystallization 
[26-29] and minimum branch contents for phase segregation have been 
determined for various HDPE/LLDPE blends [26-30]. Indeed, the 
phenomenon of LLPS can occur in HDPE/LLDPE blends or 
HDPE/mLLDPE blends under certain conditions [30]. Other blends of 
mLLDPE and HDPE are reported to be homogeneous with miscibility 
observed in the melt and solid states [31]. For blends of mLLDPE with 
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metallocene catalyzed HDPE, complete miscibility in the melt and 
crystalline states is reported [32]. When studied by dynamic mechanical 
analysis, certain HDPE/LLDPE blends show single composition dependent 
peaks suggesting miscibility in both the amorphous and crystalline phases 
[33]. The morphology of HDPE/LLDPE (C8) blends prepared using a roll 
mill, a twin-screw extruder, or by solution precipitation, show that the 
method of melt blending resulted in a more morphologically uniform 
blend, whereas the solution blended product was less homogeneous [34].  
 
The blends of metallocene catalyzed hexane and butane PE copolymers 
were found [35] to be miscible in the melt, with a characteristic upper 
critical solution temperature (UCST). Co-crystallization effects were 
present within each phase but molecular fractionation during 
crystallization, can prevail when the materials were slow cooled from the 
melt. DSC revealed a strong competition between crystallization and phase 
segregation, and was temperature dependent. The upper critical solution 
temperature for critical mixtures increased with increasing pressure. The 
pressure dependence was a function of the absolute strength of the 
thermodynamic interaction. The crystallization temperature of the higher 
melting component in the blend also increased with increasing pressure. 
 
 
C. Properties of HDPE/LLDPE or HDPE/mLLDPE Blends 
 
The observed compatibility of HDPE/LLDPE blends determined by thermal 
analysis has often been confirmed by invariable or superior physical/ 
mechanical properties [36] and improved processibility [37]. The tensile 
properties of HDPE/LLDPE blends are mostly worse than what predicted 
by the rule of mixtures, particularly when the ratio of levels of HDPE to 
LLDPE approaches 1 to 1 [38]. This is also the case for the flexural and 
impact properties of HDPE/LLDPE blends and has been attributed to the 
composition of the amorphous phase of the blend [39]. The use of dynamic 
packing injection moulding enables the control of the molecular 
orientation of HDPE/LLDPE blends, resulting in materials with high 
stiffness and high toughness [40].  
 
The resistance to SCG of HDPE/LLDPE blends can increase significantly 
with levels greater than 30%-50% (w/w) LLDPE in the blend [41]. 
Furthermore, increasing the LLDPE content has a greater effect on SCG of 
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HDPE/LLDPE blends than morphology or temperature [42]. The resulting 
crystallinity, crystal thickness, and the crystal network of HDPE/LLDPE 
blends, all contribute to the resistance to SCG of the blends [43]. 
Toughness enhancements can be achieved by the addition of ca. 10% 
LLDPE to HDPE, although the tensile properties are relatively unaffected 
at these levels of LLDPE in the blends [44]. In blends of film grade 
mLLDPE/HDPE, the addition of ca. 25% mLLDPE improved the tear 
resistance and film stiffness compared with films made entirely from 
HDPE [45]. The use of mLLDPE in blends with HDPE, can result in 
improved flow and impact resistance compared with blends using 
conventional LLDPE. 
 
In a blending study [46], the density of a HDPE/mLLDPE blend was found 
to be additive with respect to the blend composition. Such linearity 
suggests that the presence of one type of crystal in the blend has little 
effect on the ability of the other species to crystallize from the melt. The 
addition of mLLDPE decreased the yield strength of the blend in a non-
linear manner. This could be attributed to the lower crystallinities of the 
mLLDPE components. In contrast break strength, break elongation and 
impact strength of the blend increased via increasing weight fraction of 
mLLDPE component.  
 
Krumme et al [47] prepared blends having broad bimodal molar mass 
distributions and various compositions by blending a high molar mass 
(MW = 330,000, MWD= 4.8) and a low molar mass HDPE (MW = 34,000, 
MWD= 10) in different ratios in xylene solution. Nucleation density in 
samples increased continuously during crystallization, verifying that the 
presence of a certain thermal nucleation was typical for all the materials 
studied. Both the crystallization rate constant and the nucleation rate 
decreased with increasing molar mass of the sample. Crystallinity and 
density decreased when the molar mass of the samples increased. The 
nucleation density increased proportionally to the increase in average 
molar mass and the values were larger at lower crystallization 
temperatures. The formed super molecular structure was found to be 
sensitive to the blend composition and crystallization temperature. 
 
 
 Characterization, Optimization and Modelling of  
PE Blends for Pipe Applications 41 
D. Composition of Bimodal PE blends 
 
Many patents claim the preparation of bimodal PE grades via melt 
blending to serve different applications. Europe patent EP-A-0600482 [48] 
discloses the production of a resin composition for films that includes two 
PE components, one of the components being prepared using a 
metallocene catalyst comprising ethylene-bis (4,5, 6, 7-tetrahydroindenyl) 
zirconium dichloride. Also, EP-A-0735090 [49] discloses a PE resin 
composition which is produced by physical blending of three PE 
components. In addition, EP0724604 [50] provides a polyolefin blend 
having bimodal MWD for film applications. 
 
Other pieces of work concentrated on pipe applications. The methods 
detailed in World patent WO2004007610 [51] allow the selection and 
determination of relative weight fractions of HDPE pipe blending 
components, that provide specific physical properties and processing 
characteristics associated with density and MI, and specific values of 
ESCR associated with molecular parameters. WO2004016688 [52] also 
provides a melt blended PE composition for piping applications. Properties 
of the blended pipe (ESCR in specific) were studied and improved in 
another patent, WO03085044 [53]. 
 
WO03051937 [54] includes claims to overcome the disadvantages of the 
prior art and to produce easily and economically, a blend of bimodal PE 
pipe grade having improved ESCR, improved impact strength and 
improved processing. The first blend component detailed in this patent is 
metallocene catalyzed uni-modal LLDPE with high load MI (HLMI) of 0.05 
to 2 g/10min, density of 920 to 940 kg/m3, molecular weight 400,000 to 
700,000 and MWD of 2 to 4.5. On the other hand, the second component 
should be Ziegler-Natta or chromium catalyzed uni-modal HDPE with 
HLMI of 5 to 100 g/10min and density of 950 to 970 kg/m3. 
 
Thus the use of this metallocene catalyst enables precise control of the 
MWD and density of the HMW fraction of the resin, yielding improved 
mechanical properties and processibility. The addition of the LMW fraction 
yields a combination of improved mechanical properties of the resin, 
without compromising the processibility.  
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The first component at a weight fraction of 0.05 to 0.5 and the second 
component at a weight fraction of 0.5 to 0.95 should be physically blended 
together, followed by pelletization either five times on a single screw 
extruder or twice on a ZSK-58 extruder (i.e. a co-rotating twin screw), 
under specified extrusion conditions detailed in the patent [54]. The 
resultant product should have a semi-high molecular weight, a broad or 
multimodal MWD, HLMI of 2 to 12 g/10min and density of 948 to 958 
kg/m3. 
 
From a practical point of view, the only expected difficulty is gel formation, 
and this is why the patent [54] illustrates the usage of multiple-pass 
extrusion. It is suggested that it would be good if some work set out to 
investigate and model the factors influencing the compounding of the 
different two PE resins, their different ratios and their relationship, 
making a bimodal resin with molecular and rheological properties 
equivalent to tandem stage reactor resins. 
 
Blending of immiscible polymers to achieve the desired domain size of the 
dispersed phase is one of the tasks that extruders are expected to 
accomplish. The patented bimodal PE blend for pipe applications [54] was 
compounded using a Thoret extruder at 210˚C set along the whole barrel. 
Screw speeds were between 55 and 75 rpm and the powder was subjected 
to a nitrogen stream. Five consecutive extrusions have been suggested to 
ensure good mixing homogenization. Alternatively, a ZSK-58 line could be 
used where the barrel temperature profile should be 240, 230 and 220˚C 
for feeding zone, central zone and die, respectively. Screw speed should be 
about 300 rpm and the mass flow rate of about 100 kg/h. Two 
consecutive extrusions were suggested to ensure good mixing 
homogenization. 
 
Potluri et al. [55] indicated that tightly intermeshing counter-rotating 
screw sections enhanced elongational flow because of a calendering effect, 
which is desirable in order to obtain a fine morphology, as long as there is 
adequate mixing intensity and enough time for large domains in the 
immiscible blend to melt. 
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2.2.2  Structure-Properties Relationships of Bimodal Polyethylene 
 
PE resins can be described by three basic characteristics that greatly 
influence the processing and end use properties: density, molecular 
weight, and MWD.  
 
The amount of side branching and crystallinity determines the density. 
The more side branches, the less crystallinity and the lower the density. 
For HDPE, the number of short chain branches is of the order of 3 to 4 
side chains per 1,000 carbon atoms and the degree of crystallinity 
ranges between 60 to 80 % with a density of 940 to 965 kg/m3 [56-61].  
 
Tensile strength and stiffness, (flexural or tensile modulus), as well as hardness and 
solvent resistance are increased as density (crystallinity) is increased. On the other 
hand, impact strength, transparency and stress cracking resistance decrease 
with increasing density [56,57]. Molecular weight is the main factor that 
determines the durability related properties of a polymer [56]. Long term strength, 
toughness, impact strength, notched impact strength, tensile strength at break, 
elongation at break, stress cracking resistance, ductility, and fatigue endurance 
improve as the molecular weight increases. These properties are highly 
influenced by the entanglement of the longer chains to increase ‘tie 
molecule’ concentration and better link the polymer crystallites. Chain 
entanglements and tie molecules are located in the amorphous region and 
are sandwiched between the crystal lamellae [57]. Bimodal PE for piping 
systems is typically of high molecular weight (over 100,000) but not so 
high as to inhibit shaping during manufacture or downstream fabrication 
[57]. Moreover, molecular weight affects a polymer's melt viscosity and so 
its ability to flow in the molten state. Resins that have a low molecular 
weight have a high MI. In contrast, longer chain length resins resist flow 
and have a low MI [56,57].  
 
The MWD of polymers affects their properties, in particular their 
mechanical strength and processing properties [56,57]. Mechanical 
strength is, to a large extent, determined by higher molecular weight 
fractions, whereas extrudability is determined by lower molecular weight 
fractions. Polymers with narrower MWD, crystallize more uniformly and 
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exhibit better physical properties, such as increased dimensional stability, 
higher impact resistance and greater toughness at low temperatures. 
However, broadening of the MWD enhances the polymer processibility and 
ESCR. Table.2.3 summarizes effects of changes in density, MI and MWD. 
 
Table.2.3 : Effects of changes in density, MI and MWD [57] 
 
 
Over the last few decades, bimodal MWD HDPE resins have gained 
considerable popularity over their unimodal counterparts, due to a 
better balance of processibility and properties (see Figure.2.11). The 
presence of the HMW fraction increases the concentration of tie 
molecules, (i.e. amorphous chains that connect adjacent lamellae), 
between the PE crystallites preventing their disentanglement under 
creep conditions [4-6, 58]. The LMW fraction is included to maintain 
the polymer density and to decrease the melt viscosity at high shear 
rates, (i.e. improving processibility) [58]. 
 Characterization, Optimization and Modelling of  
PE Blends for Pipe Applications 45 
Figure.2.11  : Bimodal MWD HDPE design concept, MMD/LMW split and spread 
control processibility and property balance [58] 
 
It is believed [58,59] that SCG in PE takes place due to interlamellar 
separation at stress concentration points. The concentration of tie 
molecules and entangled chain loops is an important factor controlling 
SCG as they bear most of the load in rubbery amorphous layers between 
crystallites in PE.  
 
The performance of the bimodal resins can be further enhanced by 
preferentially incorporating co-monomer in the HMW portion of the 
MWD. This results in higher concentration of tie chains which enhance 
good impact resistance, tear strength and ESCR [59]. In addition, it has 
been recognized that HDPE polymers with a "reverse co-monomer 
distribution" design are useful in improving the characteristics that 
govern long term creep related properties, like SCG resistance and 
hydrostatic burst strength. 
Along the same lines, ethylene/α-olefin copolymers having bimodal molar 
weight distribution were investigated [60]. The preferred introduction of 
the co-units in the longest chains of bimodal copolymers was suggested to 
favour the occurrence of inter-crystalline tie molecules during 
crystallization. Intermolecular chemical heterogeneity resulting from 
preferred incorporation of the co-units in the long chains enhanced the co-
unit disturbing effect on crystallization without reducing crystallinity. 
Intra-molecular heterogeneity of the co-unit distribution was also 
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suggested to be an efficient means to generate tie molecules and random 
chain folding at the expense of regular chain folding.  
Krishnaswamy and Yang [61] studied the effect of selective placing of the 
branching, (from co-monomer), on the crystallization characteristics. The 
non-isothermal crystallization kinetics of the bimodal PE, with SCB 
located preferentially on the longer molecules, displayed a lower sensitivity 
to thermal history compared with those bimodal grades with a similar 
MWD and average SCB content, but with the SCB located on the shorter 
molecules. The isothermal crystallization exotherms were, as expected, 
observed to shift to longer times and broaden with increasing 
crystallization temperature. For a given degree of undercooling, MWD, 
average SCB content and total crystallinity, the crystallization kinetics are 
substantially slower for those PEs with SCB on the longer molecules. 
Further, the dependence of the crystallization half time on temperature 
was substantially steeper for those blends with SCB located only on the 
longer molecules. The preferential location of SCB along the longer 
molecules allows substantially higher levels of stress prior to breakage to 
be sustained; however, breakage does occur at lower extensions.  
 
Soares and Kim [63] have developed a simple criterion (ρw) to predict 
the MWD bimodality of polymers made with dual single site catalysts. 
If two single site catalysts produce polymers with number average 
chain lengths rw1  and rw2, , they can produce polymers with bimodal 
MWD if: 
 
ρw = [(rw1  - rw2)2 / (2 rw1 rw2)] > 1 
 
In the same series of studies [64], it was shown that for ethylene 
polymerization using combined metallocene catalysts supported on 
silica, one could effectively control the MWD of PE by simply varying 
polymerization conditions such as monomer pressure, polymerization 
temperature, and hydrogen concentration. A simple mathematical 
model was proposed to relate the weight average molecular weight of 
the polymer produced at ethylene partial pressure (PM1), and injected 
hydrogen volume (VH2), where a, b, and c are semi-empirical 
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parameters that depend on catalyst type and temperature:  
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Using the above mathematical models, it was proven that the MWDs and 
chemical composition distributions (CCDs) of copolymers produced with 
combined metallocenes (single reactor) follow trends similar to those of 
copolymers produced with individually supported catalysts (cascade 
reactors) [65,66]. 
 
A number of studies have been devoted to the melting and crystallization 
of homogeneous copolymers of ethylene and α-olefins made with Ziegler-
Natta catalysts [67-69] and copolymers made with vanadium catalysts 
[70-73]. The consensus of these studies is that melting and crystallization 
temperatures of ethylene/ α-olefins copolymers decrease considerably 
with increasing amounts of SCB. The effect of molar mass on melting and 
crystallization behaviours was found to be small [72,73]. Zhang et al. [74] 
indicated that the SCB distribution has a more significant effect on 
melting and crystallization behaviour of 1-butene/ethylene copolymers 
than the SCB content.  
 
The latter study employed analytical temperature rising elution 
fractionation measurements (ATREF) to determine SCB of metallocene and 
Ziegler-Natta copolymers where ATREF elution temperature was converted 
into SCB content using a previously generated calibration from the 
temperature rising elution fractionation size exclusion chromatography 
cross fractionation. The study used  successive nucleation annealing 
differential scanning calorimetry analysis (SNA-DSC) to determine 
methylene sequence length (MSL) where the melting temperature was 
transformed into MSL by using a calibration generated from standard 
hydrocarbons. The results showed that the Ziegler-Natta based 
copolymers have broad SCB and MSL distributions with a significant 
amount of long methylene sequences, in contrast to metallocene based 
copolymers which have narrow SCB and MSL distributions. 
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2.2.3   Structure-Rheology Relationships of Bimodal Polyethylene 
2.2.3.1   Background 
 
 
 
 
 
 
Figure.2.12 : Typical viscosity curve with 
indication of the shear rate regions of 
different conversion processes [76] 
The rheological behaviour of 
polymer melts involves [75,76] 
three concepts: viscosity, 
elasticity and fracture. The 
coefficient of viscosity (η) is the 
measure of the ease of melt flow, 
elasticity is the rubbery response 
of a polymer melt as indicated by 
melt tension, and fracture is 
incurred when the physical 
extension ratio limit of a polymer 
melt is exceeded. The classical 
Newtonian definition of viscosity 
is shear stress/shear strain rate 
in a time-independent manner 
similar to the Hookean response 
of an elastic solid [75,76].  
 
Newtonian viscosity , also called zero shear viscosity (η0), is that condition 
(usually at low shear rates) under which viscosity is independent of shear 
rate. For polymer melt, as shear rate is increased into the non-Newtonian 
regime, the viscosity decreases and this response is known as shear 
thinning (Figure.2.12). The traditional engineering model [75,76] for purely 
viscous non-Newtonian flow is the so called “Power Law Model”: 
τ = K γOb cn  
This is a two parameter model, where γO  is the shear rate, τ  is shear stress 
and the adjustable parameters are the consistency K and the flow index n, 
(in the range of 0.2 to 0.6 for polymers). The power law can be written in 
terms of viscosity as: 
η γOb c= τγOff= K γO
b cn@ 1
 
This model is not realistic for  γO < 1 s@ 1  where  η = η0 .  
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Unlike its viscous counterpart, there is no clear cut choice for the 
measurable quantity to use for representing the elastic behaviour of 
polymer melts and solutions. Elastic recovery, characterized by the steady 
state elastic compliance (Je), is often referred to as a measure of the stored 
elastic energy and is a useful parameter for determining the fluid 
elasticity. However, Je cannot be measured directly and has to be obtained 
via first normal stress N1 = τ11 − τ22 measurements. Unfortunately there is 
no consistent way to obtain Je from N1 over large ranges of shear rate, (or 
stresses), hence it is preferable to use N1 itself to represent the fluid 
elasticity. Han [76] has concluded that a plot of τ11−τ22 versus τw (rather 
than versus γO ) yields a correlation consistent with a Je versus γO  plot. In 
this study, the τ11−τ22 versus τw (i.e. the wall shear stress), behaviour is 
used as a measure of polymer elasticity. 
 
At low wall shear stresses (τw), the first normal stress difference is 
proportional to the square of τw. This is a direct consequence of the 
definition of the steady state compliance, i.e. Ν 1 = 2 Je τw2 . However at high 
shear stresses, N1 is proportional to τw rather than the square of τw. 
 
As far as industrial measures of polymer elasticity are concerned, the 
analogue to MI is the die swell ratio (SR). The phenomena of die swell is 
extremely complicated and theories relating die swell and first normal 
stress difference have been only qualitatively successful [77]. The Tanner 
equation captures the essential features for polymer melts: 
 
SR cap = 0.13 + 1 + 18
ffN1
τw
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2.2.3.2   Influence of MW, MWD and Temperature on Rheology 
 
 
Polymer chains are in the form of entanglements which give rise to 
molecular interactions. The primary effect of shear is the breakdown of 
such interactions. Chain entanglement is a function of both size and the 
number of molecules and so MW and MWD are the controlling factors in 
determining the viscosity of polymeric materials. Zero shear viscosity, η0, 
being a fundamental property of polymeric materials, has been the subject 
of intensive studies aimed at explaining its relationship with the polymeric 
structure [75-79], Experiments show that:  
 
 
 
where CMW is a critical average molecular weight, thought to be the point 
at which molecular entanglements begin to dominate the rate of slippage 
of molecules. It depends on the temperature and polymer type, but most 
commercial polymers have molecular weight well above CMW . Empirical 
correlations of the following form are also used: 
 
3.4
0η *= K MW  
 
where K is a constant. Moreover, the broader MWD, the steeper viscosity 
change as function of shearing. Locati et al. [80] re-examined the 
definition of the average number of entanglements per molecule, ne, to 
provide a quantitative ground for the zero shear viscosity:  
ne = MMe
ffffffe@MeM-  
 
The analytical equation for ne was then used to get a description of the 
zero shear viscosity over an extended range of molecular weights: 
 
η0 =ζ0 Mm0
fffff+ ζe MMeffffffe@
Me
M
fffff g3.4
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where m0 is the monomeric molecular weight, Me is the average molecular 
weight between entanglements, ζ0  is the monomeric friction coefficient, 
and ζe is the entanglement friction factor. In case of PE, the above 
equation can be written as: 
 
 
 
Values of Me and ζe are listed in Table.2.4. 
 
Table.2.4: Estimation of ζe  for selected polymers  from the relationship  η0 =kMα [80-
82]  
 
 
The temperature dependence of viscosity is often represented in the 
Arrhenius equation form: 
η T` a= η T 0b cexp E0Rffff 1Tfff@ 1T 0ffff
f gHJ IK     , or 
E0 = 2.3R logη T` a@ logη T 0b cd e 1Tfff@ 1T 0ffff
F G@ 1
 
 
where, E0 is an apparent activation energy of flow. A frequently 
encountered plot in the literature is the rheological “master curve”. These 
are usually η( γO )/η0 versus γO 0 and N1 versus τw plots. These are useful for 
extrapolation purposes because of their insensitivity to temperature i.e. 
the data at all temperatures superimpose. 
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2.2.3.3   Linear Viscoelasticity 
 
Models consisting of springs and dashpots are often used to represent the 
viscoelastic response of polymeric fluids [83]. The response is linear 
because the ratio of overall stress to overall strain is a function of time 
only, not of the magnitudes of stress or strain. Material properties are time 
invariant and so the history of usage is not considered important. The 
Maxwell model is the simplest mathematical model. Although it is 
inadequate for quantitative correlation of polymer properties, it illustrates 
the qualitative nature of real behaviour. It combines serially one viscous 
parameter and one elastic parameter. It can be visualized mechanically as 
the Hookean spring and a Newtonian dashpot in series. Where these 
support the same stress.  
 
Therefore, τ = τspring = τdashpot  
Differentiating equation:  γO = γO spring + γO dashpot = τ
O
G
fff+ τηff 
Rearranging:  τ = ηγO @ ηG
fffτO = ηγO @λτO  
 
where τ  is the stress, η is the coefficient of viscosity, γO  is the strain rate, 
 is the stress rate, G is the elastic modulus,  and the quantity λ = η G*  is 
known as the relaxation time. The creep response,  
τ = constant, dτ dt+ or τO = 0b c, of the Maxwell model is given by:  
 
dγ tot
dt
fffffff= γO tot = τηdashpotffffffffff 
 
In this situation, viscosity of polymer melt is constant and equal to the 
viscosity of the dash pot element which is not realistic for polymer melts. 
In addition, the model is not accurate for polymers in a strain recovery 
situation as it provides constant recovery compliance (Je). However, the 
Maxwell model is realistic in the situation of stress relaxation 
γ = constant, dγ dt* = 0d e, which is given by:  
 
τ = τ0 e@ t λ+  
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2.2.3.4   Models to Correlate Rheological Data to Molecular Data or Vice 
Versa 
 
 
Three types of molecular models are popular amongst polymer rheologists: 
1. Bead spring models for dilute solutions (Gupta [84]). 
2. Network models for melts (Maxwell equation). 
3. Reptation models for concentrated solutions and melts (Doi and 
Edwards [85]). 
 
 
A. Methods to Predict Rheological Properties from MWD of Polymer Melts 
 
These models are useful in simulating the behaviour of an on-line 
rheometer installed in any polymer pipe out of the reactor or pelletizing 
unit, when the MWD of the polymer is known. The general approach 
employed in these models is to extend the molecular theories to 
polydisperse systems using various mixing rules. 
 
A.1 Middleman’s equation [86] is used to calculate the viscosity of a 
polymer melt as a function of its molecular weight. 
A.2 Bersted model. In a series of papers, Bersted [87-92] developed a 
model to predict the steady shear viscosity, first normal stress 
difference, dynamic small strain, stress overshoot and extensional 
behaviour of PE. First the model capable of describing the rheological 
behaviour of linear HDPE melts is presented. Second the model 
applicable to HDPE with low levels of LCB is described. Finally for the 
case of a blend of linear and branched components, it is shown how 
these two completely different relationships are incorporated into an 
appropriate mixing law. 
A.3 Nichetti and Manas-Zloczowers [93] proposed a simple superposition 
model for calculating the viscosity of linear polydisperse polymer 
melts at a given shear rate. 
A.4 Ferry’s equations [94] predict the relaxation spectrum for 
polydisperse systems. 
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B. Methods to Predict the MWD from the Rheological Data of Polymer Melts 
 
B.1 The inverse Bersted Method [92] may be applied in reverse to obtain 
the MWD from rheological data. However, Mavridis and Shroff [95] 
pointed out that this method is not practically feasible for broad 
MWD polymers. 
B.2 Wu’s & Wasserman’s methods are based on the reptation concept of 
Doi-Edwards. 
B.3 Liu et al. [96-99] method predicts MWD of linear polymers 
quantitatively from rheological data. 
 
 
 
 
2.2.3.5   Bimodal PE Structure-Rheology Relationships 
 
 
The scheme proposed by Cogswell and co-workers [100] is shown in 
Figure.2.13, illustrating the generalized response of a polymer melt 
undergoing a stretching flow, where the melt is first forced through 
capillary die under shear stress and the resulting extrudate exhibits 
elasticity as melt tension. As shear rate is increased into the non-
Newtonian regime, the viscosity decreases while the melt tension can 
decrease, remain constant or increase, depending on whether or not the 
polymer is a linear type with high molecular weight, or a linear type with 
low molecular weight, or a branched polymer. As Cogswell has pointed 
out, a branched polymer is exceptional in that it can simultaneously have 
enhanced melt tension while still exhibiting shear thinning. Clearly 
molecular weight, the type and distribution of branching can profoundly 
affect the rheology and processing of PEs. 
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Figure.2.13 :  The stretching flow response and shear flow response of a polymer in 
terms of reduced viscosity versus reduced stress, as illustrated by Cogswell and co-
workers [100]  
 
 
 
Long chain branching (LCB) enhances elongational and melt strength 
properties [101-103]. LCBs foster extrudate stability, (i.e. lack of 
‘sharkskin’ and other forms of extrudate surface roughness), by promoting 
shorter relaxation times in the melt while under shear in the die.  A two 
parameter model for the effects of LCB on the rheology of linear polyolefins 
has been proposed by Read and McLeish [104]. Whereas Chum et al. [10] 
emphasize that an increased LCB content can result in increased shear 
thinning, Cheng [105] obtained a similar change by increasing MWD. 
Cheng went on to state that LDPE can be blended into other polyolefins to 
enhance melt elasticity. 
 
An increase of polydispersity increases the zero shear viscosity, the flow 
energy of activation, the degree of shear thinning, the extrudate swell, the 
shear rate and the shear stress at the onset of melt fracture. However, a 
further increase in polydispersity was actually found to worsen the melt 
fracture performance. An increase in the weight average molecular weight 
of a resin increases its apparent melt viscosity and extrudate swell but 
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decreases its shear rate and shear stress for the onset of melt fracture 
[106-108]. 
 
Ramamurthy [109] concluded that surface melt fracture occurs at a 
critical shear stress between 0.10 and 0.14 MPa for all PEs, regardless of 
molecular structure and temperature. The critical shear stress for the 
onset of melt fracture depends on a number of factors, including the 
temperature, the geometric characteristics of dies, the metal of 
construction of the die, the thermal and processing history of the resin. 
Wang et al. [110] suggests that there is a link between the tendency of a 
resin to exhibit melt fracture and a characteristic melt relaxation time, i.e. 
the shorter the relaxation time, the better was the performance in terms of 
the onset of melt fracture. 
 
Tailoring the microstructure of polyolefin resins through the use of 
bimodal structures, allows the control of the melt viscosity of each resin to 
fit the desired properties and processing window. It has been observed 
[111] that the viscosity of bimodal PE was reduced by increasing the 
amount of LMW component. The shear flow characteristics of these 
polymers were independent of the short chain branch content.  
 
Compared with conventional HDPE [112], bimodal MWD mPE showed 
higher values of Newtonian viscosity (ηo) at the same values of weight 
average molecular weight and stronger frequency dependence of dynamic 
viscosity; this led to lower values of the characteristic frequency for the 
onset of non-Newtonian behaviour (ωo) and higher values of the power law 
index (n), which increases with increasing molecular weight. These 
features are probably due to the presence of very small amounts of long 
chain branching. 
 
Most rheological correlations are presently limited to shear flow [113]. It 
has, however, also been demonstrated that extremely wide or bimodal 
MWDs are also reflected in the behaviour under extensional flow. Strain 
hardening effects can appear for such materials, found in the case of long 
side chains (>Mc), which appear frequently with the use of single site 
catalysts, significantly improving their processibility. One problem with 
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bimodal polyolefins is the presence of inhomogeneities within the polymer 
even in the case of an identical chemical composition of both high and low 
molar mass fractions (e.g. homopolymer).  
 
Figure.2.14 shows the microscopy images that were taken at different time 
intervals to check homogenization level of the bimodal HDPE investigated 
[115]. Homogeneity was achieved after 120 seconds of homogenization and 
after going through the maximum energy uptake. This may be due to the 
multi-site nature of the most commonly used Ziegler-Natta type catalysts. 
The subsequent pelletisation in a twin screw extruder is not always 
sufficient to render the material homogeneous after production due to the 
massive viscosity differences of the fractions. Such inhomogeneity effects 
can be clearly seen in the rheological behaviour [113]. Other negative 
effects of inhomogeneity include processing problems like gels, surface 
distortion and even melt fracture [113-115].   
 
Figure.2.14 : Homogenization of a bimodal HDPE in a twin blade kneader 
(Brabender Plasticorder); torque curve over time and optical micrographs of samples 
taken at different mixing times, where polymer based gels are homogenized after 
120 seconds and after going through the maximum energy uptake [115] 
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2.3   Applications of Bimodal Polyethylene 
 
Bimodal PE finds applications in pipe, film, blow moulding and to a lesser 
degree injection moulding applications. One important application for 
bimodal PE is pressure pipe. The use of PE as a pipe material had to 
overcome challenges to the previously commonly used pipe materials, e.g. 
mostly iron and steel. As illustrated in Table.2.5, pipes made from iron 
and steel are relatively expensive and are susceptible to degradation by 
corrosion.  In addition these pipes require elaborate systems for 
installation, corrosion protection and maintenance. 
 
Table.2.5 : PE versus CS Pipes in Gas Applications – comparison [116] 
Material PE Steel Remarks 
Cost Cheap Expensive Additional cost added for steel pipe to 
prevent pipe corrosion 
Safety Records 
(Line Rupture) 
High Low PE pipe can be fusion welded to give a 
leak free joint.  
Maintenance Easy & Cheap Difficult & 
Expensive 
Special tools required to monitor pipe 
corrosion inside steel 
Lifetime > 50 Years  PE now in service for more that 25 
years in gas network applications 
Handling Easy (Light, 
Flexible) 
Difficult (Heavy 
& Rigid) 
PE pipes can be coiled 
 
 
The advantages of bimodal PE pipe are [116]:  
 
? Good weldability, SCG resistance, resistance to rapid crack 
propagation, long life time in static and dynamic loads.  These 
factors enable pipes made of bimodal PE to retain their strength 
and functionality with minimal maintenance required.  
 
? Flexibility which enables pipes to be coiled in long lengths for ease 
of handling and storage and flexed around buried obstacles, thus 
reducing the number of fittings and joints required.  
 
Figure.2.15 : Wall thickness 
& internal diameter of  PE100 
&  PE63 [116] 
? The minimal wall thickness which 
provides greater internal diameter 
(Figure.2.15) and thus, increased 
volumetric flow for the same outside 
diameter and a higher linear pipe 
output for the extruder.  
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2.3.1 Examples of Some Projects Using Bimodal PE Pipes [116] 
 
• BG plc (formerly British Gas plc) 
Gas lines. 150mm  - 469mm MDPE, 2-4 bar pressure. Hundreds of 
km throughout the UK  
 
• Long Island Lighting Co 
Gas line. 200mm diameter, 0.3km long, 4 bar pressure. Hicksville, 
New York, USA  
 
• Elizabethtown Gas 
Gas line. 500mm diameter MDPE, 1.1km long, 2 bar pressure. 
Union, New Jersey, USA  
 
• Enbridge (formerly Consumers Gas) 
Gas line. 200mm diameter HDPE, 0.16km long, 4 bar pressure. 
Toronto, Canada  
 
• Unocal 
Gas line. 100mm diameter MDPE, 2km long, 7 bar pressure. Paso 
Robles, California, USA 
 
• High pressure sea water intake in the Abu Dhabi, 500 m long, 1000 
mm diameter, Abu Dhabi, United Arab Emirates (Figure.2.16) 
 
Figure.2.16 : Examples of some projects using 
PE pipe for water applications [116] 
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2.3.2  SABIC Bimodal Polyethylene Pipe Grades 
 
SABIC [116] offers three basic grades of bimodal materials: 
 
• SABIC® Vestolen A 6060R as PE 100 high density  
• SABIC® Vestolen A 5061R as PE 80 high density  
• SABIC® Vestolen A 4062R as PE 80 medium density 
 
SABIC grades meet the requirements of the EN standards, 1555 and EN 
12201 for gas and potable water respectively. SABIC pipe resins met the 
PE 100+ Association requirements.  
 
 
2.4 Bimodal PE Pipes: Behaviour and Characterization 
 
2.4.1 Failure Mechanisms 
 
In Figure.2.17, a schematic creep rupture curve is divided into three 
stages[117]: 
Stage I: ductile failure due to mechanical overload.  
Stage II: at intermediate stresses, premature, (compared to ductile region 
extrapolation), brittle failure will occur, this being the stress cracking 
region. 
Stage III: brittle fracture is even more premature at lower stresses when 
the antioxidants are fully depleted and oxidation occurs before the 
extrapolated stress rupture curve is reached. 
 
 
 
Figure.2.17 : Fracture stages in PE pipe [117] 
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Whatever the environment and temperature conditions, high pipe stresses 
lead to ductile failure, which is characterized by areas in the material that 
have undergone substantial cold drawing with a significant elongation in 
the immediate area of the rupture. After the appearance of a parrot-beak-
like deformation zone elongated parallel to the tube axis [118-120], 
microcracks quickly develop in the region of the highly oriented material, 
normal to the tube axis. At low stresses, a brittle failure, (characterized by 
little or no deformation in the rupture), occurs by SCG through the tube 
wall, with the crack plane parallel to the tube axis [118 - 120]. Hamouda 
et al. [121] have clearly shown that such cracks initiate from the inner 
surface of the tube wall, generally in the region of surface defects or solid 
particles of residual catalyst or mineral filler. 
 
Rapid crack propagation (RCP) is another type of failure related to fast 
unstable propagation of longitudinal cracks in pressurized polymer 
pipelines. RCP is associated with a ductile-to-brittle material transition at 
low temperatures and fast crack speeds [122]. 
 
In the ductile domain, time to failure increases tremendously with 
decreasing stress, whereas in the brittle domain, the time to failure is 
much less dependent on stress. So the most important feature of the 
stress versus failure time plots is the location of the ductile-brittle, 
transition which determines the material life time in service at RT. The 
mirror-like aspect of the fracture initiation zone of the cracks 
characteristic of the brittle regime is an indication that the first step of the 
cracking phenomenon is actually a brittle process [121, 122]. However, 
the hairy-like surface of the fracture that systematically appears away 
from the initiation zone of the crack reveals a gradual contribution of 
plastic processes in the crack propagation, accompanied with a fibrillar 
transformation of the material at the tip of the propagating crack [123 - 
127]. This can be ascribed to the fact that, at constant pressure in the 
tubes, or constant loading in tensile tests, the local tensile stress steadily 
increases in the remaining ligament ahead of the propagating crack. 
Thereby the local stress state about the crack tip gradually shifts from 
brittle to ductile behaviour. 
 Characterization, Optimization and Modelling of  
PE Blends for Pipe Applications 62 
 
Brittle failure has been claimed by a number of authors to originate from 
chain disentanglement in the fibrils [128 - 132], seemingly by analogy with 
the mechanism of craze rupture in glassy polymers close to the glass 
transition temperature. However chain rupture maybe a likely mechanism 
for brittle failure. This phenomenon has been assumed to intervene at the 
initiation step of stress cracking, when the applied stress is much lower 
than the yield stress [133]. However, by borrowing from the models of 
micro-fibril rupture in highly drawn semi-crystalline polymers, including 
PE [134, 135], one may also suspect the occurrence of chain breakage 
during the propagation step involving fibrillation of the material about the 
crack tip. This standpoint is supported by studies by Plummer and 
Kausch, giving evidence that breaking of craze fibrils in semi-crystalline 
polymers, is mainly due to the rupture of stressed chains rather than to 
the disentanglement of such chains [136, 137]. Men et al.  [138] showed 
that the mobility of the amorphous phase, (monitored by DMA), is a 
controlling factor of the length of the craze fibrils. Longer craze fibrils 
sustain lower stress and are deformed to a lesser degree. 
 
 
2.4.2   Establishing Long Term Properties 
 
2.4.2.1   Creep-Rupture Test 
 
The stress/strain response for PE, which is curvilinear (Figure.2.18), is 
profoundly dependent on the tensile test conditions. Models 
(Section.2.2.3.3) may be used to characterize the stress-strain relationship 
of plastics as a function of duration of loading, temperature, and 
environment. 
 
Figure.2.18 : Tensile stress-strain response of a thermoplastic 
exhibiting ductility at intermediate strain rates [139] 
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However, there are other methods that express the stress-strain and 
fracture strength which are more commonly used for engineering design. 
These are based on tensile creep, stress relaxation, and stress rupture 
data that have been obtained on the subject material. From tensile creep 
curves, the creep or apparent modulus is defined [139] as the initial 
applied stress divided by the creep-strain at a given time and temperature, 
in units of N/m2.  
 
The modulus decreases as the duration of loading increases. When 
designing a pipeline for a 50 year life, the long term tensile creep modulus 
of PE should be used. This value will range from 13.7 x 107 to 20.7 x 107 
Pa depending on the type of PE pipe material. Stress relaxation modulus 
can be calculated in the same way from stress relaxation data and 
implemented in the design of the PE pipeline. When a pipe is pressurized, 
principal stresses are developed in both the axial and hoop (i.e. 
circumferential) directions.  
 
The stress in the axial direction is half the hoop stress. To correlate hoop 
stress:  S = p (OD-t) / 2t 
where S is hoop stress (Pa), p is internal pressure (Pa), t is minimum pipe 
wall thickness (m) and OD is outside pipe diameter (m). 
 
The stress versus lifetime characteristics of thermoplastic materials 
intended for pressure piping are determined by means of long term 
pressure tests conducted on pipe specimens. Such characterization is 
generally referred to as stress rupture testing. The pipe samples are 
pressurized, usually with water, and immersed in a water bath at a 
certain temperature, and the time required for each pipe to fail is 
recorded. By testing pipe at various temperatures and hoop stresses, 
creep rupture curves are generated [139 - 140]. 
 
Stress rupture testing is performed in accordance with the ASTM D 1598 
specification [141]. Data obtained by D1598 testing are plotted on a log-log 
plot of stress versus time-to-failure (Figure.2.19). The best least squares 
straight line is determined mathematically and extrapolated using ASTM 
D2837 [142], (or ISO 9080 [143]), to the 100,000 hour intercept to forecast 
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the long term hydrostatic strength (LTHS). It is possible to generate ISO 
9080 regression coefficients for pipe fittings [143, 144] or for modern 
materials that have not shown SCG failure modes using pipe specimens. 
 
Figure.2.19 :  A typical creep diagram (left) showing the three types of failure: (I) 
ductile fracture caused by mechanical overloading, (II) mixed fracture caused by  
environmental stress cracking and (III) brittle fracture caused by thermo-oxidative 
ageing; on right: the derived Arrhenius graph showing time-to-failure extrapolated 
as a function of service temperature [140]  
 
 
 
2.4.2.2 Evaluation of Crack Propagation 
 
In fracture mechanics mechanisms [144 - 146], the fracture resistance of 
a given structure or material will depend upon the level of stress applied, 
the presence and size of flaws in and the resistance of the material to 
crack initiation and growth. The amount of stress concentration at the tip 
of a crack (flaw) contained within a stress body can be characterized by a 
stress intensity factor, KI. 
 
KI = (Y)(s)(a)1/2 
 
where: s is nominal applied stress (Pa), a is length of the crack (m) and Y 
is a factor that accounts for the geometry of the specimen. Crack growth is 
assumed to occur when the value of KI, that exists in the stressed 
specimen exceeds some critical value, KIc, that is characteristic of the 
material from which the specimen is made. In ductile materials, like pipe-
grade PE resins, it is possible for a crack to grow slowly (SCG) under 
 Characterization, Optimization and Modelling of  
PE Blends for Pipe Applications 65 
sufficient energy until its length is such KI > KIc, which is the condition for 
rapid crack growth (RCG) to take place. 
 
Creep rupture tests are expensive and time consuming. Stress cracking 
investigations are often carried out in creep or fatigue loading, using 
notched tensile or bending samples which roughly reproduce the plane 
strain conditions relevant to actual service and which are more convenient 
than pipe testing [147 - 149]. Accelerated stress cracking tests are also 
commonly performed in a surfactant environment in order to reduce test 
time, but transposition of the results for predicting life time of pipes in 
natural conditions is not straightforward. 
  
Castagnetti et al. [150] used tensile testing as a fast / easy evaluation for 
HDPE pipes. Two indices derived from the tensile test are the ultimate 
tensile strength and the total work of fracture, both divided by the yield 
strength of the material. The greater these indices, the greater the 
expected quality of the pipe.  
 
Slow crack propagation resistance is usually measured by the full notch 
creep test (FNCT, Nishio et al [151]), the double edge notch test (DENT, 
Choi and Broutman [152]), the Pennsylvania edge notch test (PENT, Lu 
and Brown [153]) and the circumferentially notch tensile test (CNT, Duan 
and Williams [154]). 
 
Testing of PE pipes via fatigue loading appears to be a reasonable method 
of assessing the relative resistance of the newest resins to SCG [155]. For 
fatigue loading, the rate of crack growth is expressed as: da/dn = D(∆KI)d 
 
where: da/dn is crack growth per fatigue cycle, D, d are material 
constants and ∆KI  is the difference in stress intensity at the crack tip 
between the highest and lowest stresses imposed during each fatigue 
cycle. Predicting the service life under cyclic pressure conditions is a 
function of two parameters; stress level and frequency. By minimizing 
each of those items, the possibilities of failure by fatigue are reduced [155 
- 157].  
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Pinter et al. used fatigue crack growth (FCG) experiments to evaluate the 
long term performance of PE-100 resins and compared their long term 
performances [158]. The FCG tests were performed under a sinusoidal 
load at a frequency of 5 Hz, an R-ratio (Fmin/Fmax) of 0.1 and a test 
temperature of 23 °C. The advantages of FCG test over FNCT were the 
avoidance of the usage of environmental stress cracking agents and lower 
testing temperatures. Gibson at al. [159] proposed a method for converting 
ramp pressure loadings into ‘equivalent’ constant pressure values.  
 
Rapid crack propagation (RCP) is typically characterized with two 
qualification tests, the S4 test (ISO 13477 [160]) and the full scale test 
(ISO 13478 [161]). These tests do not measure directly the dynamic 
fracture toughness, (the intrinsic RCP resistance of the material which is 
dependent on temperature, crack speed, and pipe thickness [162]),  but 
they measure critical pressures and temperatures for RCP in pipe. Corleto 
and Venecia [163] developed a method to characterize RCP which allows 
the measurement of dynamic fracture toughness as a function of crack 
speed and temperature, from three point bend impact testing of lab size 
specimens that minimize dynamic effects associated with impact testing. 
 
2.4.3   Bimodal PE Pipe Performance 
 
The failure mechanism depends mainly on molecular parameters of the 
polymer such as average molecular weight, MWD, copolymer content and 
copolymer distribution. PE as a semi-crystalline polymer, reacts to the 
stress concentration at the crack tip by forming a crazing zone which 
consists of highly oriented craze fibrils which absorb stress. 
Taking advantage from a combination of Ziegler-Natta catalysts with 
cascade reactors, the so-called bimodal or 3rd generation PE has been 
developed. Thereby, the co-unit distribution as a function of chain length 
proved to be an additional parameter of the molecular architecture 
available for tailoring long term properties, besides co-unit concentration 
and nature, and MWD. It has often been assumed that intercrystalline tie 
molecules and entangled chain loops bear most of the load in the rubbery 
amorphous layers between crystallites in PE, so their concentration 
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should be a prime factor for controlling SCG. In bimodal PE which has 
excellent SCG resistance, tie molecules disentangle slowly under stress so 
that crystalline regions can separate. Materials which have better SCG 
resistance always present longer and thicker craze fibrils before they 
break down [164, 165]. 
 
Using CNT, Ting et al. [166] compared four PE grades with respect to their 
SCG behaviour. The combination of a high MW and the addition of SCB 
were found to improve the resistance to SCG at high constraint 
conditions. As the crack tip constraint was reduced, the short chain 
branches were found to be more effective than MW for increasing 
resistance to SCG.  The results of Ting et al [166] for various PE grades 
are summarized as follows: 
 
? PE80 (4.5 SCB/1000C, MW of 185,000)— Under conditions of high 
constraint, a multiple craze structure was developed. The fracture 
proceeded mainly via the deformation of the primary craze through 
void coalescence while the secondary crazes appeared redundant. 
As constraint was reduced, there was a transition from one ductile 
mechanism (multiple crazing), to another ductile mechanism (shear 
yielding). Hence, the fracture energy was raised significantly, 
demonstrating a high resistance to SCG. 
 
? PE100 (2.5 SCB/1000C, MW of 310,000)— The damaged ligament at 
high constraint conditions showed the formation of a highly 
fibrillated craze structure where void nucleation was absent, 
suggesting that the failure mechanism is likely to be through fibril 
creep. PE100 also exhibited large macroscopic plastic flow at low 
notch tip constraint conditions but through different mechanisms. 
The deformation behaviour was found to consist of both shearing 
and crazing in which the shear mechanisms prevailed on the 
surface while crazing was active on the interior. 
 
? Blow Moulding PE (1.5 SCB/1000C, MW of 290,000)—The main 
feature of the damage associated with this grade was the formation 
of multiple crazes. The deformation process occurring under 
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conditions of high constraint is similar to those reported for PE80. 
However, the rate of void growth appears to be higher in this 
material. As the constraint was reduced, multiple crazing continued 
to blunt the tip but it was also accompanied by the formation of 
large void. However, the crack tip ductility is very much lower than 
those of the PE80 or PE100. 
 
? HDPE (0 SCB/1000C, MW of 355,000)— The main feature of the 
damage associated with this grade was the formation of a single 
craze structure. At high constraint conditions, the material showed 
little post-peak ductility due to diffuse voiding. As the constraint 
was lowered, HDPE did not display any sign of tip blunting. It is 
possible that the extent of plasticity surrounding the crack tip is 
very much lower than that of the copolymers. The damage once 
initiated often led to the growth of radial cracks. Hence, the fracture 
behaviour may be regarded as unstable during SCG as it could lead 
to a brittle mode fracture. 
 
Pinter et al. [158] presented failure times of different bimodal PE pipe 
resins using FNCT at 80 °C as illustrated in Table.2.6: 
 
Table.2.6 : Failure times of different PE pipe resins in FNCT at 80°C [158] 
Code Ρ 
(kg/
m3 ) 
Xc 
(%) 
MW 
(g/mol) 
SCB 
(1000C) 
Co-
monomer 
E 
(N/mm2) 
Failure 
Time (hr) 
at 4 MPa 
Failure 
Time (hr) 
at 6 MPa 
PE-80.1 955 64 290,000 4.0 hexene 1000 69 
(brittle) 
28 
(brittle) 
PE-80.2 950 56 190,000 5.5 hexene 700 109 
(brittle) 
35 
(brittle) 
PE-80.3 940 56 190,000 5.5 hexene 700 355 
(brittle) 
79 
(brittle) 
PE-100.1 960 68 365,000 3.8 butene 1100 750 
(brittle) 
108 
(ductile) 
PE-100.2 960 67 261,000 2.5 hexene 1100 - 153 
(ductile) 
PE-100.3 960 68 230,000 - butene 1400 - 208 
(ductile) 
p = density, Xc = degree of crystallinity, MW = weight average molecular weight, 
SCB = number of side chain branches, E = Young’s modulus 
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2.4.4  Antioxidant Loss in Bimodal Polyethylene Hot Water Pipes 
 
 
The purpose of antioxidants in polyolefin formulations is to prevent 
degradation during processing and to prevent oxidation reactions taking 
place during the first stage of service life. Generally the two major 
concerns with respect to the physical stability of antioxidants in the 
polymer, are their volatility and extractability. Extractability of 
antioxidants plays a part, wherever PE comes into contact with liquids 
such as water. The rate of extraction is controlled by the dissolution of 
antioxidants from the surface and the diffusion from the interior structure 
to the surface. Antioxidant loss influences significantly a pipe’s fracture 
mode and hence the overall pipe lifetime. 
 
During stage III of creep rupture curve, as pointed in section.2.4.1, once 
the antioxidants are completely depleted, oxygen will begin to attack the 
polymer, leading to reduction in the induction time and subsequently the 
deterioration of performance properties. The loss of antioxidant by 
diffusion depends linearly on time. The duration of this antioxidant 
depletion stage depends strongly on the type of antioxidants, additional 
additives and pipe dimensions.  
 
In the presence of an excess of oxygen, an Arrhenius relationship between 
temperature and stage III duration (a plot of 1/temperature against log 
failure time) has been established. Pipe lifetime [167] predictions are 
usually based on data obtained by long term hydrostatic pressure testing 
at elevated temperatures. However, pressure testing is time consuming 
and expensive. Also extrapolation of such an Arrhenius relationship to 
estimate pipe lifetime is difficult when non-linear. 
 
A method for lifetime estimation of PE pipes when subjected to thermal 
oxidation, (Stage III failure), is based on the oxidation induction time (OIT) 
data obtained by differential thermal analysis [168]. It gives a linear 
relationship between OIT and the antioxidant concentration with about 
15% as average difference between actual and predicted lifetime for MDPE 
pipes studied. 
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On the other hand, Schulte’s results [169] of long term failure tests 
carried out on black and blue pipes of performance class PE 100, have 
shown that the OIT results, (influenced by phenolic antioxidants only), are 
only of limited applicability for determining long term stability. Given the 
same OIT value, thermo-oxidative degradation occurs in black pipes after 
24,000 hours and in blue pipes after 76,000 hours due to the existence of 
UV stabilizer in blue pipes which functions as a radical interceptor and 
therefore also protects the pipe against thermo-oxidative degradation, thus 
also operating as an additional long term stabilizer.  
 
 
2.4.5    Thermal Properties 
 
2.4.5.1   Thermal Expansion and Contraction 
 
 
Figure.2.20 : Linear thermal expansion 
coefficient of PE resin as a function of temp. 
[173]  
The coefficient of linear 
expansion for PE 
(Figure.2.20) is about 8 to 
22 x 10-5 /K [172], which is 
determined by ASTM D696 
[173]. This means that an 
unconstrained PE pipe will 
expand or contract at least 
ten times the distance of a 
steel pipe of the same 
length.  
 
Due to the lower PE modulus of elasticity compared to steel, however, 
constrained PE pipe that is properly anchored should not be adversely 
affected by normal expansion or contraction. The equation to calculate 
expansion or contraction is: 
 
∆L = L á (∆T) 
 
where  ∆L is the change in length, L is the original length, ∆T is the change 
in temperature and á is the coefficient of linear expansion. 
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2.4.5.2   Thermal Conductivity 
 
The amount of heat that a PE pipe can convey through its wall is a 
function of thermal conductivity. PE has a thermal conductivity of 0.34 
W/m/K [172]. The amount of heat transmitted through a PE pipe wall is 
calculated by the following equation:  
 
q = (k/x)(T1-T2) 
 
where: q is the heat loss (W/m of length), k is the thermal conductivity 
(W/m/K), x is the wall thickness (m), T1 is the outside temperature (K) and 
T2 is the inside pipe temperature (K). 
 
2.4.5.3   Specific Heat 
 
Figure.2.21 : Specific heat of typical PE 
resin as a function of temperature [174] 
The specific heat is defined as the 
ratio of the heat capacity of the 
material to that of water (Note: the 
specific heat of water is 4186 
J/kg/K). The specific heat of PE is 
a function of temperature [59] as 
shown in Figure.2.21. For semi-
crystalline thermoplastics, a sharp 
maximum in the heat is observed 
in the crystalline melting point 
region.  
 
As the density of PE increases, the specific heat maximum is higher and 
sharper. Once the PE is in the molten state, the specific heat is 
independent of temperature and is the same value for all PE resins. 
 
2.4.5.4   Glass Transition Temperature 
 
Upon decreasing temperature when the molecules cannot pack together 
any closer, any further decrease in temperature only allows molecular 
vibrations to occur (no free space for molecular motion). The temperature 
at which this occurs is called the glass transition temperature, Tg. Above 
Tg, the secondary, non-covalent bonds between the polymer chains 
become weak in comparison to thermal motion, and the polymer becomes 
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rubbery and capable of elastic or plastic deformation without fracture due 
to cooperative molecular motion.  
 
PE has a Tg of -110ºC and a Tm of +135ºC. Above the Tg temperature, PE is 
flexible and ductile, and at temperatures below Tg it exhibits less ductility. 
 
 
2.4.5.5   Minimum / Maximum Service Temperatures 
 
PE has good characteristics, such as impact strength at low temperatures. 
It is the preferred material for operating temperatures below -18ºC. The 
highest permissible service temperature for a PE pipe depends upon the 
duration and magnitude of stresses upon the pipe. Generally, +60ºC is the 
typical maximum service temperature. The use of PE at higher 
temperature necessitates reducing the working pressure in order to obtain 
the same service life as that for a lower temperature application. 
 
 
2.4.6 Chemical Resistance 
 
PE is a non-polar, high-molecular-weight paraffin hydrocarbon. It is very 
resistant to chemicals and other media such as salts, acids, and alkalis. 
However, oils, fats and waxes will cause some slight swelling. Strong 
oxidizing agents tend to attack polymer directly and lead to gradual 
deterioration of properties. Organic chemicals tend to be absorbed by the 
plastic through a process called solvation. The effects of solvation, which 
are very time dependent, include swelling and softening of the polymer. 
Strain corrosion takes place under combined action of strain and a 
chemical environment.  
 
Stress crack resistance increases as density decreases and also as the MI 
decreases (higher molecular weight). Copolymer type and placement on 
the polymer chain also greatly affect the ESC characteristics of a polymer.  
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2.5 Market of Bimodal Polyethylene Pipes 
2.5.1 Economics of HDPE Processes 
 
Figure.2.22 : Installed HDPE technology by capacity [175] 
 
Each type of HDPE production processes, (as highlighted earlier), has its 
strengths and weaknesses relative to the balance of cost competitiveness 
and product range/capabilities [175, 176]. For HDPE, six leading 
technologies (Figure.2.22) account for 80 percent of all the installed 
capacity of almost 26 million tonnes per year. The dominant technologies 
are the slurry loop of Chevron Phillips, the stirred reactor bimodal slurry 
processes, Basell’s HOSTALEN, Equistar-Maruzen and Mitsui’s CX 
process, and the gas phase swing technologies, Univation’s UNIPOL and 
BP Chemical’s (BP) INNOVENE.  However, Mitsui CX and Basell’s Hostalen 
processes (Figure.2.23) have the highest installed capacities of bimodal 
HDPE technologies [175]. 
 
 
Figure.2.23 : Installed capacity of bimodal HDPE technologies and growth forecast 
[175] 
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A small number of technology developers continue to explore the potential 
of producing bimodal polymer from a single reactor system. The attraction 
of this approach for the producer is a significant reduction in capital 
outlay for the single reactor system. However, questions remain over the 
ability of the single reactor systems to replicate the molecular structures 
of twin reactor systems.  
 
2.5.2 Bimodal Market Demand for Piping Applications 
 
 
Global PE demand continues to grow vigorously, fuelled by both economic 
growth and continued substitution of traditional materials such as paper, 
glass and wood, as well as gains within the polymers sector at the expense 
of PVC and some of the higher cost polymers.  
 
A major development thrust for HDPE [176] has been into bimodal grades 
for high performance film applications, for pressure pipe applications and 
to a lesser extent, blow moulding applications. Pressure pipe producers 
are now pursuing the next pressure rating standard of PE125, with a 
number of producers well established in the PE100 category. This bimodal 
HDPE development feeds the increasing trend to bimodal products, the 
combination of better processibility, without loss of mechanical strength 
permits down-gauging, that is reduction in product profile or thickness, 
which is particularly desirable in film and pressure pipe applications. For 
pressure pipe applications, the reduced wall thickness not only reduces 
raw material requirements but also produces a more flexible pipe. The 
demand growth rate of HDPE pipe grades (thousand tonnes) is illustrated 
in Table.2.7: 
 
 
Table.2.7 : The demand growth rate of HDPE pipe grades (thousand metric tonnes) 
[176] 
Average Annual 
Growth Rate, %          
2005-
2010 
2000-
2005 2010 2006 2005 2004 2003 2002 2001 2000  
5.0 3.4 1287 1057 1007 897 842 791 726 851 United States 
5.7 6.0 1420 1094 1075 1041 971 912 790 804 Western Europe  
10.1 15.2 1520 1034 941 834 744 660 598 463 Asia except Japan 
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In Europe, the pipe market is one of the fastest growing HDPE sectors 
with an annual average growth rate of 6 % projected [176, 177]. Despite 
the general decline in the construction industry, the properties of HDPE 
pipe, such as its durability, fracture resistance and cost-effectiveness, 
means that it continues to substitute for metal and PVC pipe. The 
distribution of the different plastics (Figure.2.24) across the application 
field of pipes is dictated mainly by performance rather than by economic 
reasons. In the case of HDPE the market share is 38% of the total volume 
of plastics used, with pressure applications dominating, particularly for 
gas and water applications, which account for 57% of HDPE’s use [177]. 
Inside the PE segment the growth of PE100 continues at 8-10% per year 
[177]. Since PE100 grows more than the global PE market, there is clearly 
some substitution of PE80 for PE100. 
Figure.2.24 : European thermoplastic pipe market by application (2003) [177] 
 
 
The market has experienced over investment in the past decade, with a 
resulting over-capacity and a global contraction in the pressure pipe 
market [176, 177]. The market will remain a low margin business for some 
time, squeezed by the high price of feedstock and the desperate 
competition in pipes. However, the pressure pipe market is expected to 
resume a steady growth in the medium term, mainly due to opportunities 
for replacement of cast iron and asbestos-cement mains in aged and 
leaking water networks across Europe. The development of PE thin wall 
(corrugated) pipes might enhance the overall growth rate of PE pipes. 
While in Europe this application is nearly 10 % of the total PE produced 
pipe, it represents 40% of all the PE pipes in the USA. In Europe, a fast 
growth in this segment is observed, with 5% growth encouraged by the 
favourable cost / performance balance of these particular pipes [177].  
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3.   EXPERIMENTAL 
3.1 Selection of Reference and Component Polymers 
Different PE grades were selected and acquired for this investigation. 
Table.3.1 lists reference polymers which are bimodal  pipe grades, 
produced out of Ziegler-Natta slurry cascade processes, as explained in 
section.2.2.1.1.  
 
Table.3.1: Reference bimodal  polymers for piping applications 
Description Density  
(kg/m3) 
MI 
(5kg-g/10min) 
Symbol Materials 
Bimodal HDPE for Piping 
applications (PE-100) 
949 0.31 Ref-1 Natural Vestolen 6060 
Bimodal HDPE for Piping 
applications (PE-100) 
959 0.28 Ref-2 Black SABIC Vestolen 
6060 
Bimodal HDPE for Piping 
applications (PE-80) 
958 0.42 Ref-3 Black Basell Hostalen 
5010 
 
The first reference material (Ref-1) will be the only reference material that 
will be compared to different blending systems in results / discussion 
sections since Ref-1 as well as all blends produced are carbon black free. 
 
Table.3.2 lists unimodal PE grades which were selected and obtained to be 
melt blended into different combinations and concentrations. The 
selection  of these PE grades was based on literature [35, 37, 42, 43, 46-
54], where a blend of broad MWD having improved stress crack 
resistance, improved impact strength and improved processing can be 
economically produced by blending two or three unimodal components.  
 
The melt blending criterion based on the literature [53, 54] suggests that 
the first blend component should be of high molecular weight (i.e. 200,000 
to 300,000) with low MI and density range 935 to 950 kg/m3, while the 
second and/ or third component should be of low molecular weight 
(40,000 to 100,000) with HLMI of 5 to 100 g/10 min and density of 950 to 
970 kg/m3. The first component at a weight fraction of 0.05 to 0.5 and the 
second component at a weight fraction of 0.5 to 0.95 should be melt 
blended together.  
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Table.3.2 : Components used for screening blends 
MW Density MI 
 (kg/m3) (g/10 min) 
Component 
191,900 952 0.32 Comp-A High MW Blown Film HDPE 
 
F00952EQ 
79,400 960 11.63 Comp-C Low MW Injection Moulding 
HDPE 
M40060 
124,000 923 2.73 Comp-F Medium MW Blown Film 
mLLDPE 
Exceed 
1023 
 
After the evaluation of blends composed out of materials listed in 
Table.3.2, additional component polymers [Table.3.3] were introduced to 
this study as will be explained under results section for the purpose of: 
 
- producing LDPE/ HDPE binary blends 
- increasing molecular weight for HDPE/HDPE blends 
- producing ternary  HDPE/HDPE/HDPE blends 
 
Table.3.3 : Additional components used to produce binary/ ternary blends 
MW Density MI 
 (kg/m3) (g/10 min) 
Component 
266,000 952 0.13 Comp-B High MW blow Moulding 
HDPE 
B5202 
70,000 963 24.50 Comp-D Low MW Injection 
Moulding HDPE 
M80063 
52,700 956 48.50 Comp-E Low MW Injection 
Moulding HDPE 
M200056 
141,000 918 43.00 Comp-G Medium MW Extrusion 
Coating LDPE 
LDPE1815 
152,000 917 41.00 Comp-H Medium MW Injection 
Moulding LDPE 
LDPE 1003 
 
             
 
LDPE grades utilized in this research were produced by high pressure 
tubular autoclave processes, while unimodal HDPE grades were produced 
out of gas phase processes, as explained in section.2.2.1.2. The 
polymerization catalyst to produce components A and B was chromium 
based, while Ziegler-Natta catalyst was used for components C, D and E. 
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3.2 Sample Abbreviations and Descriptions  
 
 
In order to match properties of the reference polymer, different blends 
were compounded as follows: 
 
 
Table.3.4: ECHIP design experiment- HDPE/HDPE blends (Set 1) 
Blend Number Description 
  
Blend.1 0.50 A / 0.50 C blended at 220 ºC 
Blend.2 0.50 A / 0.50 C blended at 230 ºC 
Blend.3 0.50 A / 0.50 C blended at 240 ºC 
Blend.4 0.28 A / 0.72 C blended at 220 ºC 
Blend.5 0.28 A / 0.72 C blended at 230 ºC 
Blend.6 0.28 A / 0.72 C blended at 240 ºC 
Blend.7 0.20 A / 0.80 C blended at 240 ºC 
Blend.8 0.05 A / 0.95 C blended at 220 ºC 
Blend.9 0.05 A / 0.95 C blended at 230 ºC 
Blend.10 0.05 A / 0.95 C blended at 240 ºC 
 
 
Table.3.5: ECHIP design experiment- mLLDPE/HDPE blends (Set 2) 
Blend Number Description 
  
Blend.11 0.50 F / 0.50 C blended at 220 ºC 
Blend.12 0.50 F / 0.50 C blended at 230 ºC 
Blend.13 0.50 F / 0.50 C blended at 240 ºC 
Blend.14 0.28 F / 0.72 C blended at 220 ºC 
Blend.15 0.28 F / 0.72 C blended at 230 ºC 
Blend.16 0.28 F / 0.72 C blended at 240 ºC 
Blend.17 0.20 F / 0.80 C blended at 240 ºC 
Blend.18 0.05 F / 0.95 C blended at 220 ºC 
Blend.19 0.05 F / 0.95 C blended at 230 ºC 
Blend.20 0.05 F / 0.95 C blended at 240 ºC 
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Table.3.6: Higher molecular weight HDPE/HDPE blends (Set 3) 
Blend Number Description 
  
Blend.21 0.72 A / 0.28 C blended at 230 ºC 
Blend.22 0.28 B / 0.72 C blended at 230 ºC 
Blend.23 0.50 B / 0.50 C blended at 230 ºC 
Blend.24 0.72 B / 0.28 C blended at 230 ºC 
 
 
Table.3.7: LDPE/HDPE blends (Set 4) for comparison 
Blend Number Description 
  
Blend.31 0.50 A / 0.50 F blended at 230 ºC 
Blend.32 0.50 A / 0.50 G blended at 230 ºC 
Blend.33 0.50 B / 0.50 F blended at 230 ºC 
Blend.34 0.50 B / 0.50 G blended at 230 ºC 
Blend.35 0.75 B / 0.25 G blended at 230 ºC 
Blend.36 0.25 B / 0.75 G blended at 230 ºC 
 
 
Table.3.8: HDPE/HDPE/HDPE ternary blends (Set 5) 
Blend Number Description 
  
Blend.25 0.33 A / 0.33 C / 0.33 D blended at 230 ºC 
Blend.26 0.50 A / 0.18 C / 0.33 D blended at 230 ºC 
Blend.27 0.50 A / 0.33 C / 0.18 D blended at 230 ºC 
Blend.28 0.33 B / 0.33 C / 0.33 D blended at 230 ºC 
Blend.29 0.50 B / 0.18 C / 0.33 D blended at 230 ºC 
Blend.30 0.50 B / 0.33 C / 0.18 D blended at 230 ºC 
 
 
Table.3.9: Optimized blends 
Blend Number Description 
  
Opt.1 0.77 A / 0.20 G / 0.03 F blended at 230 ºC 
Opt.2 0.90 A / 0.06 G / 0.04 F blended at 230 ºC 
Opt.3 0.80 A / 0.20 H blended at 230 ºC 
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3.3   Experimental Design (ECHIP)  
 
 
Experimental design software (ECHIP) was used to optimize the number of 
experimental trials that would be performed, in order to investigate the 
effect of melting temperature on key mechanical properties (e.g. tensile, 
SCG for pipes), and structural characteristics (e.g. morphology and 
crystallinity). Three component polymers as mixture variables and melt 
temperature as a continuous variable were fed into the ECHIP software 
which suggested 20 different blending trials using an algorithmic 
quadratic design.  
 
The 20 blending trials are classified  into two sets where the first set of 10 
blending trials [Table.3.10] is based on two components: HMW-F00952EQ 
and LMW-M40060. The design of the second set of blending trials 
[Table.3.11] is the same as the first set, except that HDPE component  
F00952 was replaced with metallocene catalyzed LLDPE component 
Exceed 1023. 
 
Table.3.10: First set of ECHIP suggested blending trials, consists of component A  
and component C 
Set-Temp (˚C) Component-C (Wt. fraction) Component-A (Wt. fraction) Blend 
220 0.500 0.500 1 
230 0.500 0.500 2 
240 0.500 0.500 3 
220 0.725 0.275 4 
230 0.725 0.275 5 
240 0.725 0.275 6 
240 0.800 0.200 7 
220 0.950 0.050 8 
230 0.950 0.050 9 
240 0.950 0.050 10 
Table.3.11: Second set of ECHIP suggested blending trials, consists of component 
F  and component C 
Set-Temp (˚C) Component-C (Wt. fraction) Component-F (Wt. fraction) Blend 
220 0.500 0.500 11 
230 0.500 0.500 12 
240 0.500 0.500 13 
220 0.725 0.275 14 
230 0.725 0.275 15 
240 0.725 0.275 16 
240 0.800 0.200 17 
220 0.950 0.050 18 
230 0.950 0.050 19 
240 0.950 0.050 20 
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After performing compounding of trials suggested by ECHIP, three 
different responses (MI, crystallinity, tensile strength) were measured and 
entered into the program which provides different ways of data mapping 
/analysis which will be illustrated later under results/ discussion section. 
 
 
 
3.4   Processing   
3.4.1   Compounding - APV Twin Screw Extruder 
 
 
Compounding different blends was achieved using an APV MP-30TC twin 
screw extruder [Figure.3.1].  The twin screws are co-rotating intermeshing 
with a screw diameter of 30 mm and screw length/diameter ratio is 30:1. 
 
 
Figure.3.1: APV MP-30TC twin screw extruder used to compound different blends 
 
 
The melt temperature of the extrudate  was varied in the range of 220 to 
240˚C, while fixing other extrusion conditions. Detailed compounding 
extrusion conditions are given in APPENDIX.11.1. 
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3.4.2   Haake Extrusion 
 
 
As shown in Figure.3.2, a Haake extruder equipped with 50 mm sheet die, 
single screw of 2:1 compression ratio and sheet take off facility was 
utilized to produce PE strips out of compounded blends. The temperature 
profile of the extruder was set to 160, 170, 180 and 190˚C. Screw speed 
was set to 50 rpm. Sheet coming out of the die was cooled on the surface 
of steel rollers which were set to 10˚C. The strips produced were 0.5 mm 
thick, 30 mm wide and 3 metres long on average. 
 
 
Figure.3.2: Schematic diagram of the used Haake extruder equipped with sheet 
take off facility 
 
 
 
3.5   Testing and Characterization 
 
3.5.1   Melt Index Measurements 
 
 
MI is defined as the amount of material that passes through an orifice of 
known dimensions in ten minutes under a fixed load, ASTM D1238 [182], 
Standard Test Method for Flow Rates of Thermoplastics by Extrusion 
Plastometer. 
 
The measurements were carried out using an MP600 Extrusion 
Plastometer. The parameters (temperature, load etc), were set to satisfy 
the appropriate test procedure. The vertical cylinder was preheated to a 
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fixed temperature of 190˚C. Approximately 4g of sample were charged into 
the cylinder via a funnel; the load used was 5 kg.  
 
The MI technique was used essentially to screen all blends and component 
polymers, where MI and viscosity values were determined and listed for 
each polymer. For blends and component polymers of particular interest, 
capillary rheological properties were also measured. Note: MI results are 
expressed here in “grams per ten minutes”, the commonly used industrial 
unit, instead of cm3/s. 
 
 
3.5.2   Microscopy - Phase Morphology  
 
Scanning electron microscopy was used to observe two-phase morphology 
in polymer blends. It consisted of preparing a flat specimen surface by 
microtoming the pelletized samples. Polarized light and phase contrast 
microscopic scans of both sample edge and sample centre were 
conducted. 
 
 
3.5.3   Differential Scanning Calorimetry 
 
 
 
DSC was used to investigate blend mixing, 
crystallinity and crystallization rates of 
polymers in order to provide information 
relevant to processing. Materials were 
analysed using a TA Instrument 210 DSC, 
which consists of a DSC refrigerated cooling 
system connected to a DSC 210 differential 
scanning calorimeter that is calibrated on a 
PC using TA software [Figure.3.3].  
Figure.3.3: Schematic diagram 
of the used DSC equipment 
 
Two aluminium sample pans, one containing a sample (~ 10mg) to be 
tested and one remaining empty that is used as a reference are placed in 
the measuring unit and heated at the same heating rate (10°C/min), the 
heat flow difference between the sample pan and reference pan as a 
function of time was measured. This is done under a nitrogen atmosphere 
to prevent oxidation of the material. The samples were cyclically heated - 
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cooled - reheated. At first the sample was heated at a rate of 10°C/min up 
to 200°C, (this was to remove any thermal history applied to the material 
during the processing), cooled at 10°C/min to 40°C and then reheated to 
200°C. A stabilisation period was maintained for 1 minute at the end of 
both heating and cooling stages. Three measurements were made for each 
sample and an average was taken. The enthalpy of fusion of the material 
was measured by calculating the area under the endotherms, obtained 
from the DSC thermogram. The degree of crystallinity was determined 
from the ratio of the measured heat of fusion (∆Hf) of a polymer sample, 
and the enthalpy of fusion for a theoretical 100% crystalline sample 
(286J/g) [183] e.g; (∆Hfusion/∆Hcrystalline). DSC data is listed in 
APPENDIX.11.2. 
 
 
3.5.4   Gel Permeation Chromatography 
 
Size exclusion chromatography (SEC) or gel permeation chromatography 
(GPC) is the most widely used technique that can determine molecular 
weight and MWD of thermoplastic materials. It is a separation technique 
based on the size and the shape of the molecules in a polymer, separating 
a polymer sample according to its hydrodynamic volume [183-186]. SEC is 
normally performed on a commercial instrument equipped for computer-
controlled data collection and analysis [183]. The equipment involves a 
suitable organic solvent such as toluene, 1,2,4-trichlorobenzene, 
tetrahydrofuran (THF), trichlorobenzene or chloroform, which is used to 
dissolve about 10mg of polymer, also a high pressure HPLC pump, 
injector, chromatography columns and a detector. 
 
The column is packed with porous beads of polystyrene crosslinked with 
divinylbenzene, approximately 5-20 µm in diameter and a pore size 
ranging from 500 to 10,000,000 nm. It is fundamental to use a range of 
pore size for effective separation of polymer molecules of different 
molecular sizes. The mechanism of the separation process is accomplished 
by diffusion of dissolved polymer into and out of the pores (stationary 
phase) along a concentration gradient as solvent (mobile phase) is 
continuously passed through the column [183]. The larger polymer 
molecules do not readily diffuse into the pores so remain in the mobile 
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phase and are eluted quickly from the column; these molecules are 
considered to be totally excluded at lower retention times. The smaller 
molecules are retained in the column and can fit into the pores, freely 
moving in and out of the packed pores. The molecules are eventually 
eluted from the column, so the smaller molecules are eluted at later 
retention times. Using a series of columns with appropriate range of pore 
sizes can result in effective size separation [184, 187], so the separation of 
various polymer molecule sizes are controlled by many factors including 
the length of the column, size of gel particles and the pore sizes.  
 
The SEC chromatogram data is obtained from the detector. The most 
commonly used detectors are differential refractometers (DRI) which 
measure the difference between the refractive index of the polymer 
solution prepared and that of the pure solvent that is continuously flowing 
through the column. The DRI response is directly proportional to the 
concentration of the polymer in the solution. Other detectors such as 
ultra-violet (UV), light scattering or viscosity can also be used. 
 
Inside the column molecules are separated based on hydrodynamic 
volume, (the volume the molecule occupies in the solvent). In order to 
obtain accurate data, the column(s) is calibrated with samples of known 
molecular weight to get a relative distribution of molecular weights for the 
polymer sample, from this data MWD, MW and Mn can be obtained. A 
schematic diagram of a GPC system is shown in Figure.3.4. 
 
In this study, reference, component polymers as well as blend samples 
(pellets) that were compounded on the twin screw extruder were sent to 
the Polymer Laboratories at Rapra Technology for analysis, where a single 
solution of each sample was prepared by adding solvent (15 ml) to each of 
PE samples (15 mg). The samples were heated at 190˚C for 20 minutes 
whilst shaking, then cooled to 160˚C. The solutions were filtered through a 
2µm metal sinter at 160˚C and part of the filtered solution transferred to 
glass sample vials. The vials were placed on an auto-sampler and injection 
of part of the contents of each vial was carried out automatically. 1,2,4-
trichlorobenzene with anti-oxidant was used as a solvent. 
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Figure.3.4: A schematic diagram of a GPC system [185] 
 
 
 
 
3.5.5   Slow Crack Growth Measurements  
 
Sheets of 0.5 mm thickness were produced using the Haake extruder, as 
specified earlier. Dumb-bells of 25 mm long by 4 mm wide were stamped 
from the sheet, and drawn to their natural draw ratio at 10 mm/min and 
23°C using Hounsfield tensile tester. The draw ratio was defined by the 
separation of dots marked at 2 mm intervals prior to drawing. Yield stress 
was measured during this operation, and drawing was halted when the 
yield neck had propagated to the shoulders of the dumb-bell. The drawn 
central portion of each dumb-bell was measured for width and thickness. 
This sample was then fitted to a Lloyd LR50K creep machine. The stress to 
be applied to each specimen was calculated to match the stress actually 
experienced by the individual fibrils in the damage zone. The following 
consideration was used. For copolymers, Wang and Brown [188] reported 
stresses at the notch tip close to the value of the yield stress for the bulk 
polymers. Thus, if we assume that the fibrils in the damage zone are 
drawn to the natural draw ratio of the material, then the stress to be 
applied in the creep experiment is given by [189-191] :  
 
y nσ σ λ=  
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where y
σ
 is the bulk polymer yield 
stress and nλ  is the natural draw 
ratio. The creep equipment was 
maintained at 23°C and the 
extension, (measured with a linear 
transducer, obtained as a function of 
time and the data converted to a plot 
of log strain rate as a function of 
draw ratio [Figure.3.5]), was 
recorded automatically for a period 
of about 8 hours or until specimen 
breakage occurred, if this was 
sooner.  
Figure.3.5: Output of creep experiment to 
measure SCG resistance, Log strain rate 
versus draw ratio [189-191]  
 
The slope of this curve is called creep rate deceleration factor (CRDF). The 
larger the slope (CRDF value), the better resistance to SCG. The validity of 
the creep test method as a means of assessing SCG has been established 
on a large number of PEs exhibiting a wide range of SCG performance 
[189-191]. In addition, verification of CRDF as a means of assessing SCG 
in pipe is illustrated by the correlation of CRDF with notch pipe test 
failure times shown in Figure.3.6 which shows data for PE80 tested at 8 
bar and PE100 tested at 9.2 bar. CRDF values for various materials/ 
blends are listed in APPENDIX.11.3. 
 
 
 
Figure.3.6: Correlation between notched pipe test and  
CRDF for (●) PE100 at 9.2 bar and (□) PE80 at 8.0 bar 
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3.5.6   Tensile Testing 
 
 
 
Five dumb-bells of each sample of 25 mm 
long by 4 mm width and 0.5 mm thick were 
subjected to tensile testing (ASTM D-882 
[192]) at room temperature using 
Hounsfield tensile tester with a grip 
separation speed of 50 mm/min. One end 
of a specimen was clamped in a loading 
frame and the other was subjected to a 
controlled displacement. The opposite 
diagram [Figure.3.7] is an illustration of a 
typical tensile test equipment. 
Figure.3.7: Schematic of a 
typical dumb-bell sample and 
tensile equipment 
 
 
Stress-strain data were recorded for each sample then stress-strain curves 
were plotted. Break strength was recorded for each sample as the force per 
unit area (MPa) required to break the sample. Yield strength (MPa) was 
recorded as the maximum strength of each sample prior to plastic 
deformation. Break elongation (%) was recorded as the percentage 
increase in length that occurs before it breaks under tension, while tensile 
modulus (MPa) was calculated for each sample as the ratio of stress to 
elastic strain (of the linear portion of stress-strain curve), in tension.  
 
 
 
 
3.5.7   Toughness Measurements- Tension Impact Test 
 
 
Tension impact testing was based on ASTM D1822 [193]. It covers the 
determination of the energy required to rupture standard tension-impact 
PE dumb-bell shaped tensile specimens by a single swing of a standard 
calibrated pendulum. The tension impact equipment is the pendulum type 
shown in Figure.3.8. 
 
While the equipment allows variable impact velocities and weight 
hammers to give an impact energy range up to 50 J, the test was carried 
at impact velocity of 3.6 m/s and hammer weights of 2.315 and 0.926 kg. 
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Figure.3.9: Specimen clamping/ fitting Figure.3.8: Ray-Ran tension impact equipment 
 
 
Ten specimens were tested for each material or blend formulation 
investigated. The dumb-bell specimens of 25 mm long by 4 mm width by 
0.5 mm thick were prepared by sheet extrusion, as explained in 
section.3.4.2.  
 
As Figure.3.9 shows, one end of the specimen is mounted in the 
pendulum fixed clamp. The other end of the specimen is gripped by a 
crosshead which travels with the pendulum until the instant of impact 
and instant of maximum pendulum kinetic energy, when the crosshead is 
arrested. When the pendulum is released it strikes the movable pendulum 
clamp and breaks the test piece along its horizontal axis, thus applying a 
pure tensile load to the test sample. 
 
In order to compensate for the minor differences in cross-sectional area of 
the specimens as they will occur in the preparation of the specimens, the 
energy to break can be normalized to units of kJ/m2. After each tension 
impact test, impact velocity, hammer weight, sample dimensions, and the 
average and standard deviation of the tensile impact energy (kJ/m2) were 
recorded. Failure mode for each specimen was also recorded. Ductile 
failure is characterized by a degree of deformation and long necking of a 
dumbbell specimen prior to failure while brittle failure shows a smaller 
degree of deformation accompanied with stress whitening.   
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3.5.8   Capillary Rheometry 
 
 
This rheometry experiment aimed at evaluating the processibility 
performance of the different blends in comparison to the reference 
bimodal material. Then processing  performance was correlated to the 
molecular structure of the different blends. 
 
A Rosand RH7 twin bore capillary rheometer 
[RH7- Figure.3.10] was used to measure  
rheometric properties, where a sample was 
driven simultaneously through a capillary die 
as well as an orifice die of zero length. Prior to 
starting the experiment, proper bore and die 
cleaning was conducted. From the equipment 
control computer, the die/bore temperature 
was set at 2000C and the temperature was 
allowed to stabilize. Then, the experiment 
settings were loaded and saved, to go through 
8 different stages of different piston speeds at 
each stage, from slow to fast piston speed as 
illustrated in Table.3.12, until surface 
roughness or distortion in the extrudate was 
observed.   
Figure.3.10: Twin bores 
Rosand Flowmaster 
 
 
Table.3.12: The stages of twin bore Rosand experiment  
Stage Piston Speed ( mm/min) Estimated Shear rate (1/s) 
1 0.67 20 
2 1.29 39 
3 2.49 75 
4 4.80 144 
5 9.26 278 
6 17.90 537 
7 34.50 1036 
8 66.70 2000 
 
It was ensured that the safety stops were positioned correctly. Both dies 
were inserted into barrels and the retaining nuts were tightened. Then, 
both rheometer bores were filled with polymer granules in several stages. 
The polymer granules were tamped between stages to pack the polymer.  
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Pistons were fitted into equipment driven ram which was used to apply a 
small pressure on polymer and then the polymer temperature was allowed 
to stabilise for 2 minutes. Any extruded material was removed from the 
exit ports of the dies. From the equipment computer, the experiment was 
started at this stage. The pressure (MPa) was recorded as a function of the 
piston speed and real time (s). 
 
The instrument software obtains the shear viscosity ( ( )σ? ? ? n-1c Κ η(γ)= /γ = γ ) 
from the Rabinowitsch corrected wall shear rate: 
 
   ? ?c
3n+1
γ = γ
4n  
 
where σ  is shear stress, K is the consistency coefficient, n is the flow 
index, and ?γ  is the wall shear rate for a Newtonian fluid which is given by 
π? 3γ = 4Q/ r , where Q is the volumetric flow rate and r is the capillary 
radius. The wall shear stress is given by: 
 
( )−σ = 0
2
LP P r
L  
 
where LP  is the pressure drop across the long die, length is L  and 0P is 
the pressure drop across a zero length (orifice) die. Pressure (MPa) versus 
time (s) at different shear rates as well as shear viscosity versus different 
shear rates were recorded throughout the experiment. This procedure was 
repeated for all samples at four bore/ die temperatures: 200, 210, 220 
and 230˚C. Raw data of various rheological parameters from Rosand 
capillary experiment are listed in APPENDICES 11.4 to 11.7.  
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4. EVALUATION OF REFERENCE AND COMPONENT POLYMERS 
 
This chapter describes the characterization of the reference polymer and 
individual component polymers which were used to compound various 
blending systems. 
  
 
4.1 Importance of Bimodality and Molecular Weight Characteristics 
 
 
For many HDPE applications, PE with enhanced toughness, strength and 
cracking resistance is important. These enhanced properties are more 
readily attainable with high molecular weight PE. However, as the 
molecular weight of the polymer increases, the processibility decreases. 
Polyolefins having a bimodal MWD, were therefore developed because they 
can combine the advantageous good mechanical properties of the HMW 
fraction with the improved processing properties of the LMW fraction.  
 
The reference bimodal material as well as component polymers were 
evaluated to have an overview of their properties, hence helping to decide 
the type and concentrations of components that should be used in melt 
blending processes. Molecular weight and MWD were determined for the 
reference and component polymers using GPC. GPC traces for the 
reference and component polymers are shown in Figure.4.1, and details of 
their structure are listed in Table.4.1. The reference bimodal polymer has 
a broader MWD than component polymers as shown in Figure.4.1.   
 Characterization, Optimization and Modelling of  
PE Blends for Pipe Applications 93
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
2.5 3 3.5 4 4.5 5 5.5 6 6.5 7
Log MW
 
dw
_d
lo
gM
W
   
   
   
   
   
   
   
  
Reference 1
Component A
Component B
Component C
Component D
Component E
Component F
Component G
Component H
 
Figure.4.1: MWD for the reference and component polymers 
 
 
Table.4.1 : Molecular weight characteristics for reference and component polymers 
*Branching *Co-monomer type/ MWD Mn MW Material 
/1000C Content (%Mole)   (GPC)  
2.7 0.54 Butene 24.0 9,950 222,000 Ref-1 
2.7 0.54 Butene 24.0 9,950 222,000 Ref-2 
  20.0 9,700 198,500 Ref-3 
3.2 0.33 Hexene 16.0 11,700 191,900 Comp-A 
0.0 0.0 13.0 20,200 266,000 Comp-B 
0.2 0.03 Hexene 4.0 19,600 79,400 Comp-C 
0.1 0.01 Hexene 4.1 16,800 70,000 Comp-D 
  3.1 16,800 52,700 Comp-E 
7.8 1.59 Hexene 2.5 48,800 124,000 Comp-F 
12.0 2.52 Hexene 9.0 15,900 141,000 Comp-G 
12.7 2.68 Hexene 9.9 15,300 152,000 Comp-H 
*Branching, Co-monomer type and content were provided by SABIC, using 13C NMR,  probe 
temperature of l30°C and ODCB/DMSO (9/1 v/v) as a solvent with concentration of 30% w/w. 
 
 
 
Molecular weight values of the reference bimodal resins, component A and 
component B were comparable as shown in Table.4.1. SABIC reference 
resins, (reference materials 1 and 2), have butene as the co-monomer, 
while most of  the component polymers have hexene as the co-monomer. 
In addition, reference bimodal polymers have 2.7 branches /1000C while 
selected component polymers have degrees of branching/1000C ranging 
from zero for a homopolymer to 12.7 branches/1000C. 
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4.2 Melt Index, Viscosity and Processing Behaviour 
 
 
It is known that broadening of the MWD improves the polymer 
processibility as resins with broader MWDs exhibit lower viscosities at 
processing shear rates. MI, viscosity results and processing behaviour for 
all reference and component polymers are summarized in Table.4.2, where 
it is shown that none of the components, except A and B, nor the 
reference bimodal polymer encountered melt fracture at any piston speed 
or die temperature, although the bimodal polymer exhibited a higher 
degree of shear thinning.  
 
Table.4.2 : MI, viscosity and processing behaviour for reference and component 
polymers 
 
After performing Rosand capillary experiments at 220˚C, it was noticed 
that component B produced only three data points on the viscosity/ shear 
rate curve. In addition, the viscosity/ shear rate curve of component A 
showed a peculiar steep viscosity reduction at shear rate of 537 1/s. Melt 
flow irregularities or melt fracture was anticipated to be the main cause of 
these two phenomena. To investigate if this is the case, pressure difference 
measurements as a function of time were conducted for the reference 
material, component A, component B and component C at 220 and 230˚C.  
 
The results of pressure-time measurements are presented in Figure.4.2, 
where each pressure step increase corresponds to an increase in shear 
rate as listed in Table.3.12. Component B had the worst processibilty in 
terms of earliest onset of stick-slip and/or melt fracture at a piston speed 
of 4.5 mm/min (stage 4, see Table.3.12). Increasing die temperature from 
220 to 230˚C alleviated the problem to some extent.  
Processibility (220 -230 ˚C) Viscosity MI 
Onset of melt fracture/ stick-slip Degree of shear  Pa-s (g/10 min) 
Shear rate (1/s) Stage thinning (slope)    
n/a n/a -0.81 70651 0.30 Ref-1 
n/a n/a -0.80 80223 0.24 Ref-2 
n/a n/a -0.73 46431 0.41 Ref-3 
786 6-7 -0.75 59947 0.31 Comp-A 
211 4-5 -0.70 142586 0.13 Comp-B 
n/a n/a -0.46 1607 11.63 Comp-C 
n/a n/a -0.45 809 24.50 Comp-D 
n/a n/a -0.40 325 48.50 Comp-E 
- - -0.37 7064 2.73 Comp-F 
n/a n/a -0.90 348 43.00 Comp-G 
n/a n/a -0.94 458 41.00 Comp-H 
 Characterization, Optimization and Modelling of  
PE Blends for Pipe Applications 95 
Reference-1 at 230˚C Reference-1 at 220˚C 
Component-A at 230˚C Component-A at 220˚C 
Component-B at 230˚C Component-B at 220˚C 
Component-C at 230˚C Component-C at 220˚C 
 
964.4 1149.0 1265.0 1351.5 1400.4 1436.0 1466.0 1492.6
P-left
Time (s)
Pr
es
su
re
 (M
Pa
)
500 1000 1500
0
22
964.4 1149.0 1265.0 1351.5 1400.4 1436.0 1466.0 1492.6
0.0
5.0
10.0
15.0
20.0
25.0
964. 1149.0 1265.0 3 1.5 1400.4 1436.0 14 6.0 .
P-left
P-right
Time (s)
Pr
es
su
re
 (M
Pa
)
50
0
1000 1500
0
24
Time (s)
Pr
es
su
re
 (M
Pa
)
500 1500
0
24
964.4 1149.0 1265.0 1351.5 1400.4 1436.0 1466.0 1492.6Time (s)
Pr
es
su
re
 (M
Pa
)
500 1000 1600
0
25
964.4 1149.0 1265.0 1351.5 1400.4 1436.0 1466.0 1492.6Time (s)
Pr
es
su
re
 (M
Pa
)
500 1000 1600
0
24
964.4 1149.0 1265.0 1351.5 1400.4 1436.0 1466.0 1492.6Time (s)
Pr
es
su
re
 (M
Pa
)
500 1000 1600
0
20
964.4 1149.0 1265.0 1351.5 1400.4 1436.0 1466.0 1492.6Time (s)
Pr
es
su
re
 (M
Pa
)
500 1000 1600
0
20
964.4 1149.0 1265.0 1351.5 1400.4 1436.0 1466.0 1492.6Time (s)
Pr
es
su
re
 (M
Pa
)
500 1000 1600
0
22
964.4 1149.0 1265.0 1351.5 1400.4 1436.0 1466.0 1492.6Time (s)
Pr
es
su
re
 (M
Pa
)
500 1000 1700
0
20
 
Figure.4.2 : Pressure (MPa) as function of time (s) in Rosand experiment 
Onset of melt 
fracture/ stick-slip 
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Viscosity/ shear rate curves for reference and component polymers are 
shown in Figure.4.3. The response of various types of PE to increasing 
shear was demonstrated to be a function of their degree of branching, long 
chain branching and MWD. 
 
As shown in Figure.4.3, reference, component A, components G and H, 
which have broad MWDs, exhibit greater reduction of viscosity as a 
function of shear rate than those having a similar average molecular 
weight but a narrower MWD. Branched molecules, in the case of the 
reference resin, component H and component G (both components are 
LDPE), have a more compact molecular profile at high shear rates than 
linear ones and hence have fewer entanglements to impede flow.  
 
Component B, having highest MW and relatively narrower MWD compared 
to other components, produced three data points prior to the onset of melt 
fracture. Components C and D showed the least degree of shear thinning 
due to their lower level of branching and narrower MWD.  
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Figure.4.3 : Log viscosity versus Log shear rate at 230˚C for reference and 
component polymers 
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The zero shear viscosity values obtained from Figure.4.3 agree with the 
expected values predicted by the relationship [75-79]: 
 
 
= 3.40η *K MW  
 
= +0η 3.4Log LogMW LogK  
 
 
where MW is molecular weight and K is constant. A plot of log zero-shear 
viscosity against log molecular weight [Figure.4.4] produced a straight line 
with positive slope (about 3) and Y-intercept equal to log K value. 
Component B having the highest molecular weight illustrated the highest 
zero shear viscosity.  
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Figure.4.4: Log zero shear viscosity versus Log MW for reference and component 
polymers 
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4.3 Mechanical Properties 
 
 
The mechanical properties of a polymer in the solid-state such as its 
stiffness, toughness, impact strength and stress-crack resistance depend 
upon its crystalline structure. Upon cooling a polymer from the melt state, 
the unentangled chains will crystallize to form crystal lamellae. The 
thickness and shape of these lamellae are determined by the ability of the 
polymer chains to pack together. The degree of crystallinity and melting 
point of the polymer depends on the length of the chains and the presence 
of any side branches.  
 
Table.4.3 lists crystallinity values and mechanical properties for reference 
and component polymers. Unimodal HDPE components have higher 
values of crystallinity, stiffness and strength properties compared to 
bimodal polymers, which indicates that mechanical properties of a 
polymer improve with narrowing MWD as polymers with narrower MWD 
crystallize more uniformly. Among all component polymers: C, D and E 
showed the highest degrees of crystallinity / density due to lower 
molecular weights and lower degree of branching compared to other 
components. This high crystallinity is positively reflected in these material 
mechanical properties, specifically stiffness.  
 
 
Table.4.3 : Mechanical properties for reference and component polymers 
Impact Toughness Yield 
Strength  
Break 
Elongation 
Tensile 
Modulus  
SCG Crystallinity  
Failure Mode (kJ/m2) (MPa)  (%) (MPa) CRDF  (%)  
Ductile/ a degree 
of  deformation 
1250 ± 100 19 ± 1.0 780 ± 90 1000 ± 80 3.7 60.0 Ref-1 
Ductile/ a degree 
of  deformation 
1280 ± 150 18 ± 0.9 650 ± 80 1050 ± 95 3.8 61.0 Ref-2 
 
Ductile/ a degree 
of  deformation 
1190 ± 140 19 ± 0.9 700 ± 60 1020 ± 85 3.2 62.0 Ref-3 
 
Brittle/ stress 
whitening 
1480 ± 94 21 ± 1.1 620 ± 60 990 ± 70 3.8 62.0 Comp-A 
Brittle/ stress 
whitening 
1250 ± 150 24 ± 1.2 490 ± 50 1120 ± 80 0.9 64.0 Comp-B 
Brittle 1200 ± 160 20 ± 1.0 890 ± 90 1230 ± 86 1.2 69.8 Comp-C 
 
Brittle 1000 ± 55 24 ± 1.2 750 ± 80 1210 ± 85 0.4 71.0 Comp-D 
 
Brittle 700 ± 65 22 ± 1.1 750 ± 80 1190 ± 83 0.4 69.0 Comp-E 
 
Ductile/ long 
necking 
3700 ± 190 12 ± 0.7 970 ± 100 600 ± 40 8.0 43.0 Comp-F 
 
Ductile/ a degree 
of  deformation 
1690 ± 140 12 ± 0.8 350 ± 40 480 ± 35 10.8 39.0 Comp-G 
Ductile/ a degree 
of  deformation 
1750 ± 150 14 ± 0.8  450 ± 40 550 ± 38 11.1 42.0 Comp-H 
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However, broad MWD and high degree of branching enhance the 
resistance of the polymers to SCG. Components A, G and H, having high 
branching contents, showed higher SCG resistance than the reference 
polymers and other unimodal component polymers. Except components D 
and E, higher or comparable tensile impact energies were recorded for the 
remaining components compared to the reference material. Component F 
(mLLDPE) absorbed the highest amount of energy (3700 kJ/m2) prior to a 
ductile fracture characterized by significant elongation or necking. A 
combination of material characteristics, including high branching content, 
low crystallinity, relatively high molecular weight accompanied with 
narrow MWD, contributed to high mLLDPE fracture toughness.  
 
The second highest toughness values were recorded for LDPE components 
H and G which is attributed to the high proportion of amorphous phase 
and entangled long branches. Components E and D (both are HDPE) had 
the lowest fracture toughness values due to their low branching contents 
and high crystallinity levels. The failure mode of the latter HDPE 
components was considered to be brittle as there was no or minimal 
deformation. Broken samples of the reference and HDPE components A, B 
and C showed stress whitening which is a sign of a localized change in 
polymer refractive index by micro-crack or craze formation. 
 
Figure.4.5 shows tensile properties for reference and component polymers 
where HDPE components recorded better tensile strength properties in 
comparison to the reference resin. That can be attributed to higher 
crystallinity values associated with HDPE components. On the other hand, 
Components F and G (LLDPE and LDPE) were not comparable to other 
components in terms of strength properties due to lower degrees of 
crystallinity and lower molecular weights.  
 
 
 
 
 
 
 Characterization, Optimization and Modelling of  
PE Blends for Pipe Applications 100
 
 
Ref-.1
0
5
10
15
20
25
30
35
40
45
0 100 200 300 400 500 600 700 800 900
Strain (%)
St
re
ss
 (M
Pa
)
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
   
  
 
   
   
   
   
   
 
Comp.G
Comp.A
Comp.B
Comp.C
Comp.F
Figure.4.5 : Tensile properties for reference and component polymers 
 
 
 
 
4.4 Screening of Blends, Processing Variables (ECHIP) 
 
 
As described in chapter 3, simultaneous changes in melting, 
crystallization behaviour and mechanical properties were observed and a 
good interpretation of the experimental results was achieved by using the 
ECHIP software which helped to minimize the number of experimental 
trials and to correlate the response of the material to varying component 
concentrations and melting temperature. 
 
After performing compounding trials suggested by ECHIP (Tables 3.10 and 
3.11), three different responses (MI, crystallinity and tensile strength) were 
measured and entered into the program which provides different ways of 
data mapping /analysis. Figure.4.6 presents ECHIP output plots for the 
first set of 10 blending trials based on HMW-component-A and LMW-
Component-C, where the responses of MI, crystallinity and tensile 
strength are illustrated as a function of compounding temperature and 
concentration of both components. It is shown that all properties are more 
affected by the concentration of HMW component in comparison to the 
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compounding temperature effect. This observation of minimal temperature 
effect was confirmed by statistical significance analysis of ECHIP. In 
contrast to yield strength, both crystallinity and MI decrease as the 
concentration of HMW component increases.  
 
b) Crystallinity (%) a) MI (g/10 min) 
  
c) Yield Strength (MPa) 
 
Figure.4.6 :  ECHIP results obtained for the first set of blends 
 
Since the effect of compounding temperature on properties is minimal, all 
following trials were carried out at a constant compounding temperature 
of 230˚C. The results for all binary blends are discussed in depth in the 
following chapter. A new set of binary blends with higher molecular 
weights were introduced at this stage of research to enhance blend 
mechanical properties and minimize blend MI values to match the MI 
values of the reference bimodal polymers.  
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5. EVALUATION OF BINARY BLENDS 
 
5.1 ECHIP Design Experiment - HDPE/ HDPE Blends (Set 1) 
 
 
Experimental design software (ECHIP) was used to optimize the number of 
melt-blending trials of unimodal HDPE grades which were listed in 
section.3.1. The selection of these HDPE grades was based on literature 
[35, 37, 42, 43, 46-54], where a blend of broad MWD having improved 
stress crack resistance, improved impact strength and improved 
processing can be economically produced by blending two or three 
unimodal HDPE components. The resulting HDPE/HDPE binary blends 
(Set 1) are listed in Table.3.4. 
 
 
5.1.1 Compatibility of HDPE/HDPE Blends 
 
In order for structural compatibility to be achieved, the polymers must 
ideally co-crystallize into a single phase and the resulting blend should 
behave like a homogeneous material. The properties of the individual 
polymers such as melting temperature, degree of crystallinity and more 
importantly the molecular weight characteristics of distribution and 
branching affect the compatibility and resulting properties of the blend.  
 
DSC results showed that all blends of HDPE/HDPE are miscible, with a 
single melting/ crystallization peak was shown by each DSC blend 
thermogram. Good blending compatibility is also demonstrated by 
minimal differences between theoretical and experimental crystallinity of 
blends containing component A and component B as shown in Figure.5.1. 
Theoretical crystallinity was calculated using the following relation [194, 
195]: 
 
XTheoretical = wAXA + wCXC 
 
where XTheoretical is the theoretical crystallinity of the blend; XA and XC are 
degrees of crystallinity of polymers A and C, respectively; and wA and wC 
are the weight fractions in the blend of polymers A and C, respectively.  
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Figure.5.1: Experimental and theoretical crystallinity in terms of component A 
concentration. 
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Figure.5.2 : Experimental blend MI values compared to predicted Arrhenius MI 
values 
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In the same way, experimental and Arrhenius MI values were plotted 
against concentration of high molecular weight component-A [Figure.5.2]. 
Arrhenius MI values were calculated as follows [194, 195]: 
 
l
iw
B end i
i
MI MI= ∏  
 
where MIblend is the melt index of the blend; MIi is component(i) melt index 
value and wi is the weight fraction of component(i) in the blend. 
Agreement between experimental and theoretical MI values suggests good 
blending miscibility.   
 
It is worth noting that differences between theoretical and experimental 
values of crystallinity and/ or MI for HDPE/HDPE blends were smaller 
than differences that were seen in the cases of LLDPE/HDPE blends 
(Section.5.2) and LDPE/HDPE blends (Section.5.4), which can be 
attributed to similar molecular structures of HDPE/HDPE components.  
 
Microscopic images [Figure.5.3] show morphology at the centre and the 
edge of blend 5 sample. These proved that the method of melt blending 
results in morphologically uniform blends. Some variation in morphology 
at the edge of the sample was noticed. 
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Calibration (Objectives x 40) 
 
 
 
Blend.5= 0.28 Comp.A, 0.72 Comp.C,  
230ºC (Crosspolars of sample centre) 
 
Blend.5= 0.28 Comp.A, 0.72 Comp.C, 
230ºC (Crosspolars of sample edge) 
  
 
Blend.5= 0.28 Comp.A, 0.72 Comp.C,  
230ºC (Phase contrast of sample centre) 
 
Blend.5= 0.28 Comp.A, 0.72 Comp.C, 
230ºC (Phase contrast of sample edge) 
  
Figure.5.3 : Microscopic images at centre/ edge of blend-5 
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5.1.2 Molecular Weight Characteristics 
 
 
It is shown in Table.5.1 that MW, MWD and branching content increase 
with increasing component A in the blend. Among blends of this set, blend 
2 has the highest MW, the highest branching content and the broadest 
MWD as shown in Figure.5.4. This is because blend 2 has the highest 
concentration of component A (0.5 weight fraction). Blends of this set did 
not show bimodality, or two distinct populations of MW on GPC 
chromatograms. 
 
Since the match between the MWD of the blends examined and the 
reference polymer was not good, four additional blends to these suggested 
by the ECHIP design with a higher concentration of component A and an 
additional high molecular weight component B, were produced as 
discussed later in section.5.3. 
 
 
Table.5.1 : MW characteristics for the first set of blends suggested by ECHIP 
Branching  Comonomer type  MWD Mn MW Blend 
/1000C Content (%Mole)   (GPC)  
0.6 0.12 Hexene-2 9.0 15,000 130,500 2 
0.3 0.04 Hexene 6.0 17,400 104,500 5 
0.2 0.03 Hexene 4.3 18,900 83,000 9 
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Figure.5.4: MWD for the first set of blends suggested by ECHIP 
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5.1.3 Melt Index, Viscosity and Processing Behaviour 
 
 
MI, viscosity results and processing behaviour of the first set of blends 
suggested by ECHIP are summarized in Table.5.2, where all blends 
showed excellent processing performance in terms of the threshold of melt 
instability.  
 
Maximizing component A concentration in the blend helped to lower MI 
values towards the target value of the reference bimodal polymer of 0.3-
0.4 g/10min. It is worth noting that increasing compounding temperature 
lowered the values of MI as shown earlier by ECHIP analysis Figure.4.6, 
which is attributed to possible cross-linking during compounding under 
higher melt temperatures. 
 
 
Table.5.2 : MI, viscosity and processing behaviour for the first set of blends 
suggested by ECHIP 
Processibility (220 -230 ˚C) Viscosity MI Blend 
Onset of melt fracture/ stick-slip Degree of shear  Pa-s (g/10 min)  
Shear rate (1/s) Stage thinning (slope)    
n/a n/a -0.61 8823 2.12 1 
n/a n/a -0.62 10034 1.86 2 
n/a n/a -0.61 10416 1.79 3 
n/a n/a -0.54 4586 4.07 4 
n/a n/a -0.58 4580 3.96 5 
n/a n/a -0.52 6898 2.71 6 
n/a n/a -0.50 5261 3.50 7 
n/a n/a -0.47 2117 8.82 8 
n/a n/a -0.45 2458 7.60 9 
n/a n/a -0.44 2559 7.30 10 
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Figure.5.5 : Log viscosity versus Log shear rate at 230˚C for reference and first set 
of blends suggested by ECHIP 
 
 
As shown by Figure.5.5, increasing the concentration of component A 
enhanced stronger shear rate dependency or the degree of shear thinning. 
That can be attributed to broader MWD and higher branching content of 
component A. These features facilitate better processibility and higher 
sensitivity to shear rate as explained earlier. 
 
5.1.4 Mechanical Properties 
 
 
Table.5.3 presents mechanical properties for the first set of blends 
suggested by ECHIP software. Yield strength values for all blends in this 
set were better than the reference bimodal polymer disregarding the 
concentration of blend components since both components have 
intrinsically higher yield strength values than the reference polymer. 
 
Degree of branching, as shown in Table.5.1, plays two contradicting major 
roles with respect to mechanical properties listed in Table.5.3. Blends 1, 
2, and 3, for instance, which have higher SCB concentration compared 
with other blends in the same set, had lower crystallinity and stiffness, 
but better resistance to SCG. Therefore, more short chain branches foster 
resistance to SCG, but jeopardise some mechanical properties such as 
stiffness.  
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Table.5.3 : Mechanical properties for the first set of blends suggested by ECHIP 
Impact Toughness Yield 
Strength  
Break 
Elongation 
Tensile 
Modulus  
SCG Crystallinity Blend 
Failure 
Mode 
(kJ/m2) (MPa)  (%) (MPa) CRDF  (%)  
Brittle 1280 ± 180 21 ± 1.3 600 ± 66 1180 ± 106  66.7 1 
Brittle 1300 ± 180 20 ± 1.2 685 ± 80 1175 ± 110 2.0 64.4 2 
Brittle 1350 ± 160 22 ± 1.3 620 ± 70 1175 ± 090  66.3 3 
Brittle 1281 ± 180 21 ± 1.3 670 ± 80 1160 ± 104  65.1 4 
Brittle 1270 ± 190 20 ± 0.9 700 ± 80 1170 ± 105 1.7 66.5 5 
Brittle 1267 ± 180 22 ± 1.3 680 ± 75 1190 ± 107  69.3 6 
Brittle 1260 ± 170 22 ± 1.4 690 ± 80 1200 ± 108  68.4 7 
Brittle 1230 ± 180 20 ± 1.2 750 ± 85 1200 ± 120  69.6 8 
Brittle 1210 ± 160 22 ± 1.5 740 ± 80 1205 ± 109 1.2 69.6 9 
Brittle 1200 ± 160 21 ± 1.4 780 ± 90 1190 ± 108  69.6 10 
 
 
Figure.5.6 shows that the first set of blends from the ECHIP design. These 
blends have better tensile properties compared to the reference bimodal 
polymer, specifically stiffness and strength. Break elongation, on the 
contrary, was shown to be slightly in favour of the reference sample. 
 
Figure.5.7 shows the impact energy of the same set with respect to 
component A concentration. Toughness could be enhanced in an almost 
linear fashion upon the addition of component A. Similar toughness levels 
were shown by blends of this set and the reference polymer. 
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Figure.5.6 : Tensile properties for the first set of blends suggested by ECHIP  
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Figure.5.7: Toughness of the first ECHIP set illustrated in terms of component A 
concentration. 
 
 
5.2 ECHIP Design Experiment - mLLDPE/ HDPE Blends (Set 2)  
 
Similar to section.5.1, a metallocene based LLDPE component was also 
suggested by the literature to be used in lieu of one of the HDPE 
components. Experimental design software (ECHIP) was used to optimize 
the number of melt blending trials of unimodal mLLDPE and HDPE 
grades, which were listed in section.3.1. The selection of these mLLDPE 
and HDPE grades was based on literature [35, 37, 42, 43, 46-54], where a 
blend of broad MWD having improved stress crack resistance, improved 
impact strength and improved processing can be economically produced 
by blending mLLDPE and HDPE components. The resulting 
mLLDPE/HDPE binary blends (Set 2) are listed in Table.3.5. 
 
5.2.1 Compatibility of mLLDPE/HDPE Blends 
 
DSC results showed that mLLDPE/HDPE blends can co-crystallize into a 
single phase and are thus considered compatible. In addition, single 
melting/ crystallization peak was shown by each DSC blend trace. The 
type and level of branching of the LLDPE component, however, is 
influential with regard to co-crystallization in this set of blends. Figure.5.8 
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shows the differences between experimental and theoretical crystallinity 
and MI values for mLLDPE/ HDPE blends.  
 
In comparison to differences between theoretical and experimental 
crystallinity values shown by HDPE/ HDPE binary blends in Figure.5.1, 
bigger differences between theoretical and experimental crystallinity 
values are noted for the blends containing mLLDPE. The crystallinity 
values of mLLDPE/HDPE blends are slightly less than additive over the 
range of compositions investigated which indicates that the two 
components differences in defects (branches, unsaturation) slightly 
affected crystallinity as suggested by Preedy [196, 197] who stated that 
methyl and ethyl groups may be accommodated within the crystalline 
lattice whereas butyl groups are not, when studying changes in unit cell 
dimensions and crystallinity, as measured by x-ray diffraction. 
 
In addition, a higher magnitude of difference between experimental and 
theoretical MI values is seen in the case of mLLDPE / HDPE blends in 
comparison to differences illustrated by HDPE/HDPE blends in 
Figure.5.2, which amplifies the difference in branching content between 
the two components, mLLDPE and HDPE.  
 
 
mLLDPE/HDPE blends (set 2) : experimental and 
theoretical crystallinity values 
mLLDPE/HDPE blends (set 2) : experimental and 
predicted Arrhenius MI values 
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Figure.5.8: Comparison between experimental and theoretical crystallinity and MI 
values for binary blends mLLDPE/ HDPE 
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Microscopic images [Figure.5.9] show morphology at the centre and the 
edge of blend 15 (0.28 weight fraction of mLLDPE and 0.72 weight fraction 
of HDPE). The morphology of HDPE/mLLDPE blends prepared using 
compounding twin-screw extruder shows that the method of melt blending 
results in a morphologically uniform blend.  
 
 
 
Calibration (Objectives x 40) 
 
 
 
Blend.15= 0.28 CompF, 0.72 Comp.C,  
230ºC (Crosspolars of sample centre) 
 
Blend.15= 0.28 Comp.F, 0.72 Comp.C, 
230ºC (Crosspolars of sample edge) 
  
 
Blend.15= 0.28 Comp.F, 0.72 Comp.C,  
230ºC (Phase contrast of sample centre) 
 
Blend.15= 0.28 Comp.F, 0.72 Comp.C, 
230ºC (Phase contrast of sample edge) 
  
 
Figure.5.9 : Microscopic images at centre/ edge of blend-15 
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5.2.2 Melt index, Viscosity and Processing Behaviour 
 
 
 
Table.5.4 lists MI values, viscosity values and processibilty characteristics 
of the second set of blends, (i.e. mLLDPE/ HDPE), as suggested by ECHIP. 
It is obvious that MI values for all blends of this set are much higher than 
for the reference resin. Figure.5.8 includes a plot of experimental and 
predicted Arrhenius MI values against concentration of mLLDPE 
component for the binary blends of mLLDPE/HDPE, so there is a 
downward trend in that the MI values are slightly less than additive over 
the range of compositions investigated.  
  
In addition, blend melt viscosities are much lower than the equivalent 
reference value. Blend 12 of this set, as shown in Table.5.4, was 
investigated using Rosand capillary rheometer. In comparison to the 
reference polymer, blend 12 showed earlier melt fracture and less 
reduction in viscosity as a function of shear rate.  
 
 
Table.5.4 : MI, viscosity and processing behaviour for the second set of blends 
suggested by ECHIP 
Processibility (220 -230 ˚C) Viscosity MI Blends 
Onset of melt fracture/ stick-slip Degree of shear  Pa-s (g/10 min)  
Shear rate (1/s) Stage Thinning (slope)    
n/a n/a -0.81 70651 0.30 Ref-1 
- - - 4155 4.50 11 
278 5 -0.42 4660 4.04 12 
- - - 5250 3.59 13 
- - - 3083 6.06 14 
- - - 3282 5.74 15 
- - - 4198 4.45 16 
- - - 3593 5.25 17 
- - - 1893 9.96 18 
- - - 2080 9.06 19 
- - - 2549 7.40 20 
 
 
Due to the large differences between the reference polymer and blends of 
this set in terms of MI values and processing behaviour, it was decided to 
carry out a minimal number of experiments on this set of blends. Only one 
blend (blend 12) of this set was sent to be tested for molecular weight 
characterization using GPC. 
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5.2.3 Molecular Weight Characteristics 
 
Table.5.5 illustrates a comparison between molecular structure of 
mLLDPE/HDPE blends represented by blend 12, and HDPE/ HDPE 
blends represented by blend 2. The latter has lower degree of branching 
per 1000C but higher molecular weight and broader MWD. Figure.5.10 
shows the MWD of blend 12 (0.5 of mLLDPE and 0.5 of HDPE), compared 
to its constituent components, the reference polymer and blend 2, (0.5 
HDPE/ 0.5 HDPE). It is shown that blend 12 has one single population of 
MWD which is narrower than MWD of HDPE/HDPE blends represented by 
blend 2 in the same figure. 
 
Table.5.5 : MW characteristics for blend 12 (mLLDPE/HDPE) & blend 2 (HDPE/HDPE) 
Branching  Co-monomer type  MWD Mn MW Blend 
/1000C Content (%Mole)   (GPC)  
0.6 0.12 Hexene-2 9.0 15,000 130,500 2 
3.9 0.79 Hexene 3.5 28,000 98,000 12 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
2.5 3 3.5 4 4.5 5 5.5 6 6.5 7
Log MW
 
dw
_d
lo
gM
   
   
   
   
   
   
   
  
 
Figure.5.10: MWD for blend 12 (mLLDPE/ HDPE) and  blend 2 (HDPE/ HDPE) 
 
5.2.4 Mechanical Properties 
 
As shown by Table.5.6, blend 15 from this set recorded the same stiffness 
value as the reference polymer, which is attributed to similar a 
crystallinity level in both polymers. It is shown also that the resistance to 
SCG of mLLDPE/HDPE blends increases significantly with levels greater 
than 40% by weight LLDPE in the  blend. The resulting  branching degree 
and crystallinity of mLLDPE/HDPE blends both contribute to the  
resistance  to  SCG in the blend. 
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Table.5.6 : Mechanical properties for mLLDPE/ HDPE blends 12 and 15 
Impact Toughness Yield 
Strength  
Break 
Elongation 
Tensile 
Modulus  
SCG Crystallinity Material 
Failure 
Mode 
(kJ/m2) (MPa)  (%) (MPa) CRDF  (%)  
Ductile 1250 ± 100 19 ± 1.0 790 ± 90 1000 ± 80 3.7 60.0 Ref-1 
Ductile 2410 ± 210 16 ± 1.2 770 ± 90 870 ± 90  4.3 52.0 12 
Ductile 2100 ± 190 17 ± 1.2 750 ± 90 1000 ± 98 2.8 60.0 15 
 
 
Figure.5.11 shows tensile properties for mLLDPE/HDPE blends 12 and 15 
in comparison to the reference polymer. mLLDPE containing blends 
showed comparable tensile properties to the reference polymer. However, 
lower strength properties were shown by this set of mLLDPE containing 
blends in comparison to HDPE/ HDPE blends (Figure.5.6).  
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Figure.5.11 : Tensile properties for blends 12 and 15 (mLLDPE/ HDPE) compared to 
the reference polymer 
 
On the other hand, Figure.5.11 shows that elongation properties of the 
reference resin and mLLDPE/ HDPE blends are comparable. The addition 
of mLLDPE to the blend generally increases the elongation. This increase 
is anticipated to be a function of the homogeneous molecular structure of 
the mLLDPE component. The addition of mLLDPE decreases the yield 
strength of each blend in a non-linear manner as shown in Figure.5.12. 
This reduction in yield strength may be a result of the lower crystallinity of 
the mLLDPE component. 
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Figure.5.12: Yield strength as a function of mLLDPE component concentration in set 
2 blends 
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Figure.5.13: Toughness of the second ECHIP set illustrated in terms of component F 
concentration. 
 
Figure.5.13 shows the impact energy of the second ECHIP set as a 
function of mLLDPE concentration in the blend where it is shown that 
toughness could be doubled by the addition of 30% mLLDPE to HDPE 
although the tensile properties are relatively unaffected at these levels of 
LLDPE in the blends. Superior impact properties demonstrated by 
mLLDPE/HDPE blends is attributed to high branching content and a high 
proportion of amorphous polymer. 
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5.3 Higher Molecular Weight HDPE/HDPE Blends (Set 3) 
 
All blends discussed so far were suggested by ECHIP software. From this 
section onwards, new binary blends will be considered. These blends were 
introduced to overcome limitations of blends investigated so far. By 
employing high molecular weight component B and increasing the 
concentration of component A, four additional blends (Set 3, Table.3.6) 
were produced to minimize overall blend MI and to enhance MW, MWD 
and branching content, hence matching reference polymer characteristics. 
 
 
5.3.1 Compatibility of HDPE/HDPE Blends 
 
HDPE/HDPE blends were shown to be compatible in section.5.1.1 due to 
similar component structures, (i.e. both are HDPE). Figure.5.14 shows a 
comparison between experimental and theoretical crystallinity /MI values 
for set 5 HDPE/HDPE binary blends.  
 
Although both sets consist of HDPE components, set 1 (Section.5.1.1) 
showed higher degree of compatibility in comparison to set 3, reflected by 
closer values of experimental and theoretical crystallinity and MI. This is 
attributed to more structure similarities (mainly branching) between 
component A and C composing set 1 blends. 
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Figure.5.14: Comparison between experimental and theoretical crystallinity and MI 
values for set 3 binary blends of HDPE/HDPE: 
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5.3.2 Molecular Weight Characteristics 
 
 
It was concluded that blends having a higher concentration of component 
A and an additional high molecular weight component B should have 
lower overall blend MI and enhanced MW, MWD and branching content, 
hence matching reference polymer characteristics. Figure.5.15 shows the 
effect of increasing concentration of component A. Blend 9 (0.50 A/0.50 C) 
and blend 21 (0.72 A/0.28 C) consist of the same components A and C. 
Increasing the concentration of the main high MW component A in blend 
21 helps to broaden the MWD as shown in Figure.5.15. 
 
 
 
Table.5.7 : MW characteristics for HDPE/ HDPE (set 3) blends 
Branching  Co-monomer type  MWD Mn MW Material 
/1000C Content (%Mole)   (GPC)  
2.7 0.54 Butene 24.0 9,950 222,000 Ref-1 
0.2 0.03 Hexene 4.3 18,900 83,000 9 
2.4 0.17 Hexene 10.0 14,000 146,000 21 
0.1  6.6 19,500 130,000 22 
0.1 0.01 Hexene 6.9 21,800 150,000 23 
0.0  9.6 19,600 192,000 24 
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Figure.5.15: MWD for blend 9 (set 1 medium MW HDPE/HDPE blends) and blend 
21 (set 3 high MW HDPE/HDPE blends) 
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Figure.5.16 shows the effect of increasing the concentration of component 
B from 28% by weight in blend 22 to 72% by weight in blend 24, where 
MWD broadened from 6.6 to 9.6. Blends 21 and 24 having 28% by weight 
of component C showed similar MWD. Blend 21, having component A as 
the main component, has higher branching per 1000C as indicated in 
Table.5.7 while blend 24, having component B as the main component, 
has higher molecular weight. This feature of broad molecular weight of 
blend 21 accompanied with higher branching content compared to other 
blends in the same set were positively reflected on blend resistance to SCG 
as will be shown in section.5.3.4. 
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Figure.5.16: MWD for binary blends of HDPE/ HDPE (set 3) 
 
 
 
5.3.3 Melt Index, Viscosity and Processing Behaviour 
 
Table.5.8 lists MI, viscosity and processing behaviour for binary blends of 
HDPE/ HDPE (set 3) in comparison to equivalent properties for reference 
bimodal polymer and blend 9 which belongs to set 1 of binary HDPE/ 
HDPE blends. All listed blends contain component C as the secondary 
component but blends 9 and 21 contain component A as the primary 
component while component B was used as the main component in 
blends 22, 23 and 24. Blends 9 and 21 showed better processibility in 
terms of onset of melt fracture as shown in Table.5.8 confirming the good 
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processing behaviour of component A compared with component B as 
discussed earlier. 
 
Table.5.8 : MI, viscosity and processing behaviour for binary blends of HDPE/ 
HDPE (set 3) 
Processibility (220 -230 ˚C) Viscosity MI Material 
Onset of melt fracture/ stick-slip Degree of shear Pa-s (g/10 min)  
Shear rate (1/s) Stage thinning (slope)    
n/a n/a -0.81 70651 0.30 Ref-1 
n/a n/a -0.45 2458 7.60 9 
2000 8 -0.67 19155 0.98 21 
2000 8 -0.53 8800 2.11 22 
1036 7 -0.58 21100 0.83 23 
1036 7 -0.62 33300 0.32 24 
 
 
Figure.5.17 shows viscosity- shear rate curves at 230˚C for this new set of 
high molecular weight HDPE / HDPE blends. Blend 9 from the first set of 
binary HDPE blends was included in the figure for the sake of comparison 
with this set of blends, specifically blend 21 which consists of the same 
components A and C but in different concentrations. Comparing blends 9 
and 21, its apparent that increasing concentration of component A in 
blend 21 helped to enhance degree of shear thinning.  
 
Similarly, blends 23 and 24 consist of the same components B and C but 
with a higher concentration of component B in blend 24. Increasing 
concentration of component B in blend 24 has slightly reduced viscosity 
as a function of shear rate compared to blend 23. From the same 
Figure.5.17, blend 21 showed the nearest processing behaviour to the 
bimodal reference resin among the blends discussed. 
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Figure.5.17 : Log viscosity versus Log shear rate at 230˚C for reference polymer, 
blend 9 from set 1 of binary HDPE blends and all set 3 of  HDPE blends 
 
 
 
 
5.3.4 Mechanical Properties 
 
Table.5.9 presents mechanical properties for the reference polymer and 
set 3 HDPE binary blends. All listed blends have component C as a 
common ingredient. Blends 2 and 21, having component A as the primary 
component, showed better resistance to SCG while blends 22, 23 and 24, 
having component B as the primary component, showed higher elongation 
at break. Yield strength and toughness values for all blends were 
comparable or higher than the equivalent value for the reference bimodal 
polymer. 
 
Table.5.9 : Mechanical properties for reference polymer and binary HDPE (set 3) 
Impact Toughness Yield 
Strength  
Break 
Elongation 
Tensile 
Modulus  
SCG Crystallinity Material 
Failure 
Mode 
(kJ/m2) (MPa)  (%) (MPa) CRDF  (%)  
Ductile 1250 ± 100 19 ± 1.0 795 ± 90 1000 ± 80 3.7 60.0 Ref-1 
Brittle 1300 ± 180 20 ± 1.2 685 ± 80 1175 ± 110 1.6 64.4 2 
Brittle 1360 ± 195  24 ± 1.5 550 ± 60 1180 ± 106 2.0 63.0 21 
Brittle 1189 ± 160 23 ± 1.4 650 ± 70 1200 ± 115 1.1 69.0 22 
Brittle 1215 ± 170 21 ± 1.3 790 ± 90 1190 ± 120 1.0 62.0 23 
Brittle 1230 ± 180 23 ± 1.4 690 ± 85 1170 ± 120 1.0 62.0 24 
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Increasing the concentration of component A from 50 % by weight in 
blend 2 to 72 % by weight in blend 21 resulted in higher yield strength. As 
shown by Figure.5.18, better elongation was demonstrated by the new set 
3 of high molecular weight binary HDPE blends represented by blend 23 
compared to previous set 1 of binary HDPE blends represented by blend 2. 
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Figure.5.18 : Tensile properties for reference polymer and set 3 binary HDPE blends 
in comparison to reference polymer and blend 2 from set 1 binary HDPE blends 
 
 
5.4 LDPE/ HDPE Blends (set 4) for Comparison 
 
This set of binary LDPE/HDPE blends (set 4), which includes blends 32, 
34, 35 and 36, were mainly compounded to compare their mechanical 
properties to binary blends of HDPE/HDPE and mLLDPE/HDPE. The 
formulations of these blends are listed in Table.3.7. Neither GPC nor 
Rosand capillary experiments were performed on this set. Since it is 
expected that LDPE blends would encounter improved processibility and 
enhanced degree of shear thinning, the effect of adding LDPE component 
on mechanical properties will be highlighted. 
 
 
5.4.1 Compatibility of LDPE/HDPE Blends  
 
Figure.5.19 compares differences between experimental and theoretical 
crystallinity /MI values for LDPE/HDPE (set 4). LDPE/HDPE blends 
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recorded higher differences between theoretical and experimental values of 
both crystallinty and MI compared to other binary blends (HDPE/HDPE 
blends in section.5.1.1 and mLLDPE/HDPE blends in section.5.2.1). The 
crystallinity values of LDPE/HDPE blends are less than additive over the 
range of compositions investigated which indicates that the differences in 
defects (branches, unsaturation) between the two components affected 
crystallinity as suggested by Preedy [196, 197], who stated that methyl 
and ethyl groups may be accommodated within the crystalline lattice 
whereas butyl groups are not, when studying changes in unit cell 
dimensions and crystallinity, as measured by x-ray diffraction.  
 
In addition, the large difference between melt viscosities of the 
components used, a result of the difference between molecular weight and 
degree of polymer chain entanglements, reduced the homogeneity degree 
of melt-mixing of LDPE and HDPE components. This is reflected in larger 
differences between theoretical and experimental values of MI for 
LDPE/HDPE blends compared to other binary blends. 
 
 
LDPE/HDPE blends (set 4) : experimental against 
theoretical crystallinity values 
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Figure.5.19: Comparison between experimental and theoretical crystallinity and MI 
values for binary LDPE/HDEP blends (set4)  
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5.4.2 Melt Index and Viscosity Values 
 
 
MI and viscosity values for the reference polymer and binary LDPE/HDPE 
blends (set 4) are listed in Table.5.10. Blend 35 containing a high 
concentration of HDPE component B showed similar values of MI and 
viscosity to the reference polymer. However, very low viscosity values are 
observed for the remaining LDPE containing blends. Without performing 
Rosand experiments, it is expected that LDPE blends would encounter 
improved processibility and enhanced degree of shear thinning as an 
advantage of LDPE long chain branching [100-105]. 
 
Table.5.10 : MI and viscosity values for reference polymer and binary LDPE/HDPE 
blends (set 4) 
Viscosity MI Material 
Pa-s (g/10 min)  
70651 0.30 Ref-1 
7370 5.17 32 
14309 1.27 34 
58290 0.33 35 
2321 8.05 36 
 
 
 
5.4.3 Mechanical Properties 
 
 
Mechanical properties of LDPE/ HDPE blends are listed in Table.5.11. 
Low crystallinity and stiffness are the main features for LDPE blends 
investigated. The percentage of crystallinity decreased with increasing 
LDPE concentration.  
 
Table.5.11 : Mechanical properties for reference polymer and binary LDPE/HDPE 
blends (set 4) 
Impact Toughness Yield 
Strength 
Break 
Elongation 
Tensile 
Modulus 
SCG Crystallinity Material 
Failure 
Mode 
(kJ/m2) (MPa) (%) (MPa) CRDF (%)  
Ductile 1250 ± 100 19 ± 1.0 795 ± 90 1000 ± 80 3.7 60.0 Ref-1 
Ductile 1580 ± 170 15 ± 1.3 650 ± 100 710 ± 90  44.4 32 
Ductile 1480 ± 160 16 ± 1.4 490 ± 80 880 ± 110  53.7 34 
Brittle 1320 ± 150 18 ± 2.0 700 ± 110 880 ± 120  55.5 35 
Ductile 1530 ± 175 15 ± 1.5 278 ± 50 690 ± 90  47.9 36 
 
In addition, strength properties are not comparable with the equivalent 
properties of the reference polymer, especially when LDPE concentration 
in the blend increases to 50% by weight or more. Tensile properties  of  
 Characterization, Optimization and Modelling of  
PE Blends for Pipe Applications 125 
LDPE/HDPE  blends  are  less  than  those  predicted  by  the  rule  of  
mixtures. However, the impact properties of these blends increased with 
increasing LDPE concentration in the blend as shown in Figure.5.20. Long 
branches or a higher degree of branching promotes the formation of a 
fibrillated damage zone in which greater energy is absorbed to initiate a 
crack than un-branched PE. 
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Figure.5.20: Toughness of binary LDPE/HDPE blends (set 4) illustrated in terms of 
component G concentration. 
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Figure.5.21 : Tensile properties for the reference polymer and binary LDPE/HDPE 
blends (set 4) 
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Tensile strength-elongation curves for LDPE containing-blends are 
illustrated in Figure.5.21. Binary HDPE/HDPE blend 21 which belongs to 
set 3 blends was included in the figure for comparison with LDPE/HDPE 
blends. The concentration of LDPE increases in the blends as the blend 
number increases, going from blend 32 to blend 36. It is obvious that 
increasing the concentration of LDPE component in the blend to 50% by 
weight or more affects negatively tensile strength and elongation. Although 
blends 32 and 35 showed similar tensile properties to the reference 
polymer, tensile properties for the previously investigated binary 
HDPE/HDPE blend 21 are much better.  
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6. EVALUATION OF TERNARY BLENDS (SET 5) 
 
 
Ternary HDPE blends were introduced in an attempt to increase overall 
blend MWD, hence matching the reference polymer MWD. The HDPE 
components A, B, C and D, which were used to melt-compound previous 
HDPE/HDPE binary blends, were used to produce set 5 ternary HDPE 
blends. Formulations of set 5 ternary HDPE blends are listed in Table.3.8. 
 
 
6.1 Molecular Weight Characteristics 
 
Table.6.1 presents molecular weight characteristics for ternary HDPE 
blends (set 5) in comparison to the reference polymer and two binary 
HDPE blends 9 and 21. Slightly higher MW, yet comparable MWD were 
demonstrated by ternary blends compared to binary HDPE blends 9 and 
21. Binary blend 21 with 72 % by weight of component A has the highest 
branching content per 1000C, followed by ternary blend 27 with 50% by 
weight of component A. Irrespective of the number of components 
composing a blend, branching content increases with increasing 
component A in the blend. This is because the second component C and 
the third component D have a similar low level of branching.  
 
Table.6.1 : MW characteristics for ternary HDPE/HDPE/HDPE blends 
Branching  Co-monomer type  MWD Mn MW Material 
/1000C Content (%Mole)   (GPC)  
2.7 0.54 Butene 24.0 9,950 222,000 Ref-1 
0.2 0.03 Hexene 4.3 18,900 83,000 9 
1.0 0.17 Hexene 10.0 14,000 146,000 21 
0.5 0.12 Hexene 6.2 18,300 112,000 25 
0.6 0.14 Hexene 8.3 17,600 145,000 27 
0.0 0.0 7.5 20,600 154,000 28 
0.0 0.0 8.8 18,600 162,000 30 
 
 
Figure.6.1 shows MWDs of blend 2 and blend 27 which contain the same 
level of the main high MW component A but blend 27 contains 18 % by 
weight of an additional component D, while Figure.6.2 shows MWD of 
binary blend 23 and ternary blend 30 where both contain the same 
concentration of the main high MW component B but blend 30 contains 
18 % by weight of an additional component D.  
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It can be seen in both figures that adding a third component slightly 
broadened the MWD. However, the effect was minimal due to similar 
molecular characteristics between the added third component D and the 
second component C. For the same reason, ternary blends like binary 
blends did not show bimodality, or two distinct populations of MW on GPC 
chromatograms. 
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Figure.6.1: MWD for the reference polymer, blend 2 (set 1 medium MW HDPE/HDPE 
blends), blend 27 (ternary HDPE/HDPE/ HDPE blends) and their component 
polymers 
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Figure.6.2: MWD for the reference polymer, blend 23 (set 3 high MW HDPE/HDPE 
blends), blend 30 (ternary HDPE/HDPE/ HDPE blends) and their component 
polymers 
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6.2 Melt Index, Viscosity and Processing Behaviour 
 
 
Table.6.2 lists MI, viscosity values and processing behaviour for all ternary 
HDPE blends (set 5) compared to the reference polymer and binary HDPE 
blend 21, where almost all ternary blends showed excellent processing 
performance in terms of the threshold of melt instabilities.  
 
Ternary blends were slightly more stable than binary HDPE blends (set 3) 
in terms of onset of melt fracture or stick-slip phenomenon. However,  
there is no advantage gained by adding third component in terms of MI 
and viscosity values. This is attributed to similar molecular characteristics 
between the added third component D and the second component C. 
Whether in a binary or ternary blend, a higher concentration of the main 
component (A or B) in the blend will result in a higher melt viscosity, 
hence closer melt behaviour to the reference polymer. 
 
Table.6.2 : MI, viscosity values and processing behaviour for reference polymer and 
ternary HDPE/HDPE/ HDPE blends 
Processibility (220 -230 ˚C) Viscosity MI Material 
Onset of melt fracture/ stick-slip Degree of shear Pa-s (g/10 min)  
Shear rate (1/s) Stage thinning (slope)    
n/a n/a -0.81 70651 0.30 Ref-1 
2000 8 -0.67 19155 0.98 21 
n/a n/a -0.55 4704 3.97 25 
n/a n/a -0.60 8245 2.27 26 
n/a n/a -0.61 9146 2.04 27 
n/a n/a -0.54 9362 2.00 28 
2000 8 -0.58 19200 0.97 29 
n/a n/a -0.59 14116 0.97 30 
 
 
Figure.6.3 shows viscosity as a function of shear rate where a direct 
processibilty comparison is shown between two binary HDPE blends and 
two ternary HDPE blends. No difference in shear rate dependency can be 
noted between blend 2 and blend 27 (both in blue in Figure.6.3) where 
both blends contain the same level of the main high MW component A but 
blend 27 contains 18 % by weight of an additional component D. The 
same thing applies to binary blend 23 and ternary blend 30 (orange and 
red respectively in Figure.6.3) where both contains the same concentration 
 Characterization, Optimization and Modelling of  
PE Blends for Pipe Applications 130
of the main high MW component B but blend 30 contains 18 % by weight 
of an additional component D. 
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Figure.6.3 : Log viscosity versus Log shear rate at 230˚C for reference polymer, 
binary HDPE blends 2/23 and ternary HDPE blends 27/30 
 
 
6.3 Mechanical Properties 
 
Table.6.3 shows mechanical properties for the ternary HDPE blends (set 5) 
investigated. It shows that modulus is a strong function of crystallinity 
level where all ternary blends illustrated higher stiffness compared to the 
reference polymer. Resistance to SCG remained unaffected by adding a 
third HDPE component yet is strongly dependent on the concentration of 
component A which has the highest branching content compared to other 
components. 
 
Table.6.3 : Mechanical properties for reference polymer and ternary HDPE/HDPE/ 
HDPE blends 
Impact Toughness Yield 
Strength  
Break 
Elongation 
Tensile 
Modulus  
SCG Crystallinity Material 
Failure  (kJ/m2) (MPa)  (%) (MPa) CRDF  (%)  
Ductile 1250 ± 100 19 ± 1.0 795 ± 90 1000 ± 80 3.7 60.0 Ref-1 
Brittle 1300 ± 180 20 ± 1.2 685 ± 80 1175 ± 110 1.6 64.4 2 
Brittle 1220 ± 190 24 ± 1.5 727 ± 80 1240 ± 120 1.3 68.5 25 
Brittle 1200 ± 180 21 ± 1.3 690 ± 80 1020 ± 095  65.0 26 
Brittle 1260 ± 190 21 ± 1.2 710 ± 80 1010 ± 085 1.5 63.6 27 
Brittle 1140 ± 170 25 ± 2.0 670 ± 80 1200 ± 110 0.9 70.3 28 
Brittle 1120 ± 170 25 ± 1.5 630 ± 60 1180 ± 105  68.0 29 
Brittle 1160 ± 180 20 ± 1.3 736 ± 90 1190 ± 110 0.9 68.0 30 
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Figure.6.4 : Tensile properties for reference polymer, binary HDPE blend 2, and 
ternary HDPE blends 25/26/28 
 
 
Tensile strength versus elongation was plotted for the reference, one 
binary blend 2 (from set 1) and ternary HDPE blends (set 5) in Figure.6.4. 
Binary HDPE blend 2 was subjected to tensile testing along with ternary 
HDPE blends to explore the difference in mechanical properties between 
the two systems. Generally, ternary HDPE blends showed better tensile 
properties compared to the reference or binary HDPE blends.  
 
By weight fraction, blend 2 contains 0.5 A/ 0.5 C while blend 26 consist of 
0.5 A/ 0.18 C/ 0.33 D. The concentration of the main component A, 
which is the high MW component, was kept constant in the two systems 
for fair comparison. Therefore, adding a third component D positively 
influenced the strength properties as can be seen in Figure.6.4 when 
comparing binary blend 2 and ternary blend 26. 
 
Both blend 25 and blend 26 are ternary blends consisting of components 
A, C, D. Blend 25 showed better strength and elongation properties 
compared to blend 26 as the concentration of component C was increased 
on the expense of component A in blend 25. Blend 28 consisting of 
components B, C and D had better strength but elongated less compared 
to ternary blends having component A instead of component B. 
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7. MODELLING AND EVALUATION OF OPTMIZED BLENDS 
 
 
This chapter will discuss different blend properties as functions of blend 
compositions in light of mixing rules. Then, blend structure-property 
relationships will be discussed. Finally, the derived formulae governing 
blend properties as functions of blend compositions and blend structures 
will be combined into a single model which should predict final optimal 
blend composition and optimal properties. 
 
 
7.1 Resultant Blend Properties in Light of Mixing Rule 
 
The resultant blend crystallinity, molecular weight characteristics, MI and 
mechanical properties for HDPE/HDPE blends (set 1) will be discussed in 
light of mixing rules, as it showed highest compatibility.  
 
Based on findings of this section, modelling will be developed to help to 
produce a final set of optimized blends. It is worth noting at this stage that 
any rule of mixing (i.e. additive linear, Arrhenius) governing the resultant 
blend properties is a strong function of the compatibility of the constituent 
components as shown earlier in sections 5.1.1, 5.2.1, 5.3.1 and 5.4.1, and 
hence the intrinsic molecular properties of the individual components. 
 
7.1.1 Melt Index 
 
By plotting the measured MI value (obtained at 190˚C and 5 kg) of blended 
materials against concentration percentage of the high molecular weight 
base component as shown in Figure.7.1, an exponential curve of the 
overall blend MI was obtained. This blend MI decrease was steeper at 
concentrations less than 50% of the main component A. 
 
This exponential decaying characteristic of the overall blend MI indicates 
that the overall blend MI can not be predicted by a simple additivity 
relationship. Instead, an Arrhenius relation [198] was used to calculate 
theoretical blend MI: 
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MI MI= ∏  
 
where MIblend is the melt index of the blend; MIi is component(i) melt index 
value and wi is the weight fraction of component(i) in the blend. The same 
Figure.7.1 shows good agreement between the experimental MI and the 
predicted Arrhenius MI values. This good fit between experimental and 
theoretical blend MI was better at low blend MI values or high blend 
molecular weight.  
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Figure.7.1 : Experimental blend MI values as a function of component A 
concentration, compared to predicted Arrhenius MI values 
 
7.1.2 Crystallinity 
 
Unlike MI, the crystallinity of blended PE followed an additivity mixing 
rule: 
 
l i iB end
i
X w X= ∑  
where Xblend is the crystallinity of the blend; Xi is component(i) crystallinity 
degree and wi is the weight fraction of component(i) in the blend.  
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Figure.7.2 : Experimental (DSC) and theoretical (equation) crystallinity in terms of 
comp-A concentration. 
 
Figure.7.2 shows a plot of the measured and calculated crystallinity 
values of HDPE/HDPE blends (set 1) against concentration percentage of 
the high molecular weight base component A. The estimated crystallinity 
values showed a linear additive trend with respect to the blend 
composition, and a good agreement with experimental crystallinity values 
was demonstrated. This finding confirms Donatell’s work [199] that stated 
that the ability of one component to crystallize was not affected by other 
component(s) present in the same blend. However, such linearity has been 
shown not to be the case for all blends investigated. LDPE/ HDPE (set 4) 
and mLLDPE/ HDPE blends (set 2) showed downward trends in 
experimental crystallinity compared to equivalent theoretical values. That 
magnifies components’ differences in defects (branches, unsaturation) as 
methyl and ethyl groups may be accommodated within the crystalline 
lattice, whereas butyl groups are not, when studying [196, 197] changes 
in unit cell dimensions and crystallinity. 
 
It is important to note that all equations governing properties, except MW, 
as functions of blend composition are relatively dependent on the 
compatibility level between the forming components as shown earlier, and 
hence the properties of the individual components, where better 
compatibility yields better data fit. 
 Characterization, Optimization and Modelling of  
PE Blends for Pipe Applications 135 
7.1.3 Molecular Weight and Branching Content 
 
Experimental blend weight average molecular weight obtained by GPC is 
plotted against concentration of the base component A in Figure.7.3. 
Estimated blend molecular weight was calculated assuming a linear 
relationship with respect to the blend composition using the following 
equation: 
 
l i iB end
i
MW w MW= ∑  
 
where MWblend is the molecular weight of the blend; MWi is component(i) 
molecular weight value and wi is the weight fraction of component(i) in the 
blend. The calculated theoretical molecular weight is plotted against 
component A concentration in the same Figure.7.3. The good agreement 
between experimental and theoretical molecular weight values confirmed 
that molecular weight follows a linear additivity rule with respect to 
blending ratio. 
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Figure.7.3 : Experimental (GPC) and theoretical (equation) MW in terms of comp-A 
concentration. 
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There is no previous work establishing the relationship between branching 
content and blend composition. Assuming a linear relationship in the case 
of branching content did not produce a good fit with experimental branch 
content values.  
 
Figure.7.4 shows experimental branch content determined by 13C NMR 
and theoretical branching content in terms of component A concentration 
where the best fit of the predicted branch content in terms of component A 
concentration was achieved by an Arrhenius relationship similar to the 
one used for the MI. The relation governs branching content as a function 
of blending ratio was found to be: 
 
l
iw
B end i
i
BrnchBrnch = ∏  
 
where Brnchblend is the blend branch content per 1000C; Brnchi is the 
branching content of component(i) and wi is the weight fraction of 
component(i) in the blend.  
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Figure.7.4 : Experimental (NMR) and theoretical (equation) branching content in 
terms of comp-A concentration. 
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7.1.4 Mechanical Properties  
 
Generally speaking, none of the investigated tensile properties were 
consistent with the rule of mixtures, except tensile modulus which is 
correlated to crystallinity and density where both latter properties are 
additive with respect to the blend composition. Figure.7.5 shows a plot of 
the measured stiffness values for HDPE/HDPE blends (set 1) against 
concentration percentage of the high molecular weight base component A, 
where stiffness values followed a linear additive trend with respect to the 
blend composition. 
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Figure.7.5 : Stiffness in terms of comp-A concentration. 
 
On the other hand, Figures 7.6 to 7.9 shows that all remaining 
mechanical properties including yield strength, elongation and SCG 
resistance showed non-linear behaviour. Figure.7.6 and Figure.7.7 show 
elongation properties in terms of component A and component F 
(mLLDPE) concentrations, respectively. SCG, which is linearly dependent 
on branching content, increased in an Arrhenius relationship to the 
concentration of component A as shown in Figure.7.8.  
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Since blends that consist of component A and component C did not show 
different yield strength values as both forming components have the same 
initial yield strength value, yield strength values were plotted as a function 
of mLLDPE (comp-F) concentration in lieu of component A in  Figure.7.9. 
The addition of mLLDPE decreases the yield strength in a non-linear 
manner, which could be correlated to the lower crystallinity of the 
mLLDPE component. Although this trend is clearly non-linear, the 
variation in yield strength with blend composition is similar to that  
reported elsewhere [38, 200].  
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Figure.7.6 : Elongation in terms of comp-A concentration. 
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Figure.7.7 : Elongation in terms of comp-F concentration. 
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Figure.7.8 : SCGR in terms of comp-A concentration. 
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Figure.7.9 : Yield strength in terms of comp-F (mLLDPE) concentration. 
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7.2 Comparison of Properties 
 
Stiffness of all investigated materials and blends were plotted against their 
degree of crystallinity in Figure.7.10, which shows that stiffness linearly 
increases with increasing crystallinity. Similarly, SCG resistance values 
(SCGR) for HDPE/HDPE blends (set 1) were plotted against branching 
content in Figure.7.11 and molecular weight in Figure.7.12, where SCGR 
linearly increased with increasing both branching content and overall 
blend molecular weight, showing excellent correlations.  
 
The combination of a high MW and a high branching content was found to 
improve the resistance to SCG but the latter effect of branching content on 
resistance to SCG was found to be more profound compared to the MW 
effect on increasing resistance to SCG. However, a lower content of 
branches leads to higher crystallinity, and generally better stiffness as 
seen in Figure.7.5 where stiffness decreased with increasing the 
component which has higher branching content, hence less crystallinity 
and stiffness.  
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Figure.7.10 : Stiffness versus crystallinity for all materials investigated 
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Figure.7.11 : Resistance to SCG as a function of branching content for set 1 blends 
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Figure.7.12 : Resistance to SCG as a function of MW for set 1 blends 
 
Strength increased with both increasing crystallinity and molecular 
weight, however, no clear relation could be obtained to relate strength as a 
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function of both properties. The MI value depends on MW, MWD and 
branching characteristics. Unbranched polymers have higher melt 
viscosities than long branched polymers of similar average molecular 
weight, since the long chained molecules are more compact and expected 
to entangle less with other molecules. High molecular weight, (i.e. long 
molecules), accompanied with less long chain branching causes chain 
entanglements, hence  impeding the flow and resulting in high viscosity or 
low MI value. Therefore, MI has been correlated with the MW using an 
empirical model, such as the one proposed by Bremner and Rudin [23]: 
 
1/ * xMI G MW=  
 
 
where x and G are constant values. 1/MI was plotted against MWx in 
Figure.7.13 for HDPE/ HDPE blends (set 1) and in Figure.7.14 for all 
blends investigated. Both figures provided good linear fit between 
exponential MW and reciprocal MI when x = 3.6 and G ranges between 1 
x10-19 to 2 x10-19. 
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Figure.7.13 : 1/MI against MWx for set 1 HDPE/HDPE blends 
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Figure.7.14 : 1/MI against MWx for all blends investigated 
 
 
 
7.3 Modelling and its Resultant Optimized Blends 
In this section, modelling will be curried out to produce a final set of 
optimized blends with respect to the reference polymer studied. The target 
properties to be achieved are given in Table.7.1. The properties of 
component polymers, that will be used in the optimization, are listed in 
Table.7.2. 
 
Table.7.1: Target values of the final blend properties as entered in the Maple 
optimization code 
Target Property 
Value 
X (crystallinity-fraction) 0.60 
MI (melt index- g/10min) 0.30 
MW (molecular weight/100,000) 2.22 
Branching content (1/1000C) 4.0 
Toughness (kJ/m2) 1500 
Processibility good 
 
Table.7.2: Properties of components as entered in the Maple optimization code 
Components Property 
A 
HDPE 
F00952 
B 
HDPE 
B5202 
C 
HDPE 
M40060 
D 
HDPE 
M80063 
F 
mLLDPE 
Ex.1023 
G 
LDPE 
LDPE1815 
X (crys.-fraction) 0.62 0.64 0.70 0.71 0.43 0.38 
MI (g/10min) 0.32 0.13 11.60 24.50 2.73 43.00 
MW (x10-5) 1.92 2.66 0.79 0.70 1.24 1.41 
Branching (/1000C) 3.1 0 0.2 0.1 7.8 12.0 
Toughness (kJ/m2) 1480 1250 1200 900 3700 1690 
Processibility medium bad good medium medium good 
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Maple code will be used to find compositions that fit specific pre-
requirements. Maple is a powerful computer algebra system which 
combines symbolic, numerical computing and visualization abilities of 
functions. It is also a powerful tool to solve a very important and 
challenging class of optimization. It was used in this research to optimize 
PE blend composition and, hence, optimal property performance. After 
opening Maple software, optimization sheet was started: 
 
> restart; with(Optimization); 
 
 
 
Different component properties, as shown in Table.7.2, were entered into 
the program as follows: 
 
The crystallinity (X) of the components: 
Xa = 0.62 
Xb = 0.64 
Xc = 0.70 
Xd = 0.71 
Xf = 0.43 
Xg = 0.38 
 
 
Melt index (MI) of the components: 
 
 
Ln(MIa) = -1.14 
Ln(MIb) = -2.04 
Ln(MIc) = 2.45 
Ln(MId) = 3.20 
Ln(MIf) = 1.00 
Ln(MIg) = 3.76 
MIa = 0.32 
MIb = 0.13 
MIc = 11.6 
MId = 24.5 
MIf = 2.73 
MIg = 43.0 
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Molecular weight (MW) of the components: 
 
MWa = 1.92 
MWb = 2.66 
MWc = 0.79 
MWd = 0.70 
MWf = 1.24 
MWg = 1.41 
 
 
 
 
 
 
 
Branching content (Br) of the components: 
 
 
Ln(Bra) = 1.13 
Ln(Brb) = -20.7 
Ln(Brc) = -1.61 
Ln(Brd) = -2.30 
Ln(Brf) = 2.05 
Ln(Brg) = 2.48 
Bra = 3.10 
Brb = 0.00 
Brc = 0.20 
Brd = 0.10 
Brf = 7.80 
Brg = 12.0 
 
 
 
 
Impact toughness (T) of the components: 
 
Ta = 1480 
Tb = 1250 
Tc = 1200 
Td = 900 
Tf = 3700 
Tg = 1690 
 
 
 
Then, target or desired values of blend properties, as shown in Table.7.1, 
were entered into the Maple program as follows: 
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Blend target values: 
 
X = 0.60 
MI = 0.30 
MW = 2.22 
Br = 4.0 
T = 1500 
 
 
Relationships that define properties as functions of blend composition, 
were developed under section.7.1: 
l i iB end
i
X w X= ∑  
l
iw
B end i
i
MI MI= ∏  
l i iB end
i
MW w MW= ∑  
l
iw
B end i
i
BrnchBrnch = ∏  
l i iB end
i
wTT = ∑  
where Xblend is the crystallinity of the blend, MIblend is the melt index of the 
blend, MWblend is the molecular weight of the blend, Brnchblend is the blend 
branching content per 1000C, Tblend is the toughness of the blend, Xi is 
component(i) degree of crystallinity, MIi is component(i) melt index, MWi is 
component(i) molecular weight value, Brnchi is component(i) branching 
content, Ti is component(i) impact toughness and wi is the weight fraction 
of component(i) in the blend.  
Although toughness did not follow an exact linear additive trend as a 
function of components’ concentrations, it was assumed to be linear since 
toughness is a strong function of the size of crystalline/ amorphous 
phases, and crystallinity was found to follow a linear additivity rule with 
respect to blend ratio.  
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Ignoring processibility in the first instance, the above equations were 
combined in one optimization function of components’ concentrations and 
entered into the Maple program: 
 
> f:=(w1,w2,w3,w4,w5,w6)-> +(x-w1*xA-w2*xB-w3*xC-w4*xD-w5*xF-
w6*xG)^2+(lmi-w1*lmiA-w2*lmiB-w3*lmiC-w4*lmiD-w5*lmiF-
w6*lmiG)^2+(mw-w1*mwA-w2*mwB-w3*mwC-w4*mwD-w5*mwF-
w6*mwG)^2+(lBr-w1*lBrA-w2*lBrB-w3*lBrC-w4*lBrD-w5*lBrF-
w6*lBrG)^2+(t-w1*tA-w2*tB-w3*tC-w4*tD-w5*tF-w6*tG)^2;  
 
 
Solving the equation with utilizing the Maple code minimization function, 
and assuming non-negative values: 
 
> Minimize(f(w1,w2,w3,w4,w5,w6), {w1+w2+w3+w4+w5+w6=1}, 
assume = nonnegative); 
 
wA (HDPE- F00952)  = 0.90 
wF (mLLDPE)    = 0.04 
wG (LDPE)    = 0.06 
wB = wC = wD    = 0.00 
 
 
The above composition resulted is called optimized blend 2 (Opt-2). 
Substituting weight fractions into equations to produce the theoretical 
optimized blend properties: 
XBlend = 60 % 
MIBlend = 0.45 g/10min 
MWBlend = 182,400 
BrnchBlend = 3.4/1000C 
TBlend = 1490 kJ/m2 
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The Maple optimization modelling was re-executed for a second time 
considering processibility. In order to do so, a processibility penalty factor: 
(5wA2+10wB2+5wD2+5wF2) was added to the optimization function. Weight 
fractions of components with medium processing behaviour were 
multiplied with coefficient of 5, where weight fractions of components with 
bad processing behaviour were multiplied with coefficient of 10. By doing 
so, components with good processing behaviour are favoured as the 
function will be divided by a less number when determining their optimum 
weight fraction. Therefore, the expanded optimization function to include 
processibility penalty factor was executed as follows: 
 
> f:=(w1,w2,w3,w4,w5,w6)-> + (x-w1*xA-w2*xB-w3*xC-w4*xD-
w5*xF-w6*xG)^2+(lmi-w1*lmiA-w2*lmiB-w3*lmiC-w4*lmiD-
w5*lmiF-w6*lmiG)^2+(mw-w1*mwA-w2*mwB-w3*mwC-
w4*mwD-w5*mwF-w6*mwG)^2+(lBr-w1*lBrA-w2*lBrB-
w3*lBrC-w4*lBrD-w5*lBrF-w6*lBrG)^2+(t-w1*tA-w2*tB-w3*tC-
w4*tD-w5*tF-w6*tG)^2+ 5*w1^2+10*w2^2+5*w4^2+5*w5^2;  
 
Solving the equation with utilizing the Maple code minimization function, 
and assuming non-negative values: 
 
> Minimize(f(w1,w2,w3,w4,w5,w6), {w1+w2+w3+w4+w5+w6=1}, 
assume = nonnegative); 
 
wA (HDPE-F00952)  = 0.77 
wF (mLLDPE)  = 0.03 
wG (LDPE)   = 0.20 
wB = wC = wD   = 0.00 
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The above composition resulted is called optimized blend 1 (Opt-1). 
Substituting weight fractions into equations to produce the theoretical 
optimized blend properties: 
 
XBlend = 56.6 % 
MIBlend = 0.89 g/10min 
MWBlend = 178,300 
BrnchBlend = 4.0 /1000C 
TBlend = 1500 kJ/m2 
 
When comparing the two sets of values obtained when including 
processibility factor or not, higher branching content and processibility 
were achieved when considering the processibility penalty factor in the 
modelling. However, calculated blend crystallinity, MI and molecular 
weight were not as close to target values as equivalent values proposed by 
the first modelling scenario when ignoring the processibility factor. 
 
To check the validity of the model, a second LDPE component was used. 
The new component H  was selected to match the density and MI 
characteristics of component G. Molecular weight characteristics of the 
two LDPE grades are shown in Figure.7.15. 
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Figure.7.15: MWD for component G (LDPE 1815) and component H (LDPE 1003) 
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Therefore, the Maple optimization modelling, (considering processibility), 
was re-executed for a third time to include the new LDPE component H in 
lieu of LDPE component G. The properties of the new LDPE component H 
were entered into the Maple code as listed in Table.7.3: 
 
 
Table.7.3 : Properties of component H as entered in the Maple optimization code 
Component H Property 
LDPE 1003 
X (crys.-fraction) 0.42 
MI (g/10min) 41.0 
MW (x10-5) 1.52 
Branching (/1000C) 12.7 
Toughness (kJ/m2) 1750 
Processibility good 
 
Executing the Maple code minimization function, and assuming non-
negative values produces the following optimum blend composition (Opt-
3): 
 
wA (HDPE-F00952)  = 0.80 
wH (LDPE-1003)      = 0.20 
wB = wC = wD = wF  = 0.00 
 
 
The above composition resulted is called optimized blend 3 (Opt-3). 
Substituting weight fractions into equations to produce the theoretical 
optimized blend properties: 
 
XBlend = 58.2 % 
MIBlend = 0.79 g/10min 
MWBlend = 184,300 
BrnchBlend = 4.4 /1000C 
TBlend = 1540 kJ/m2 
 
 
Very good balance between processing behaviour and mechanical 
properties were obtained by this optimized blend 3 as suggested by the 
Maple code. Figure.7.16 summarizes the modelling process in terms of 
inputs, and outputs which are the suggested optimized blend 
compositions.  
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Figure.7.16 : Schematic of the modelling process and the suggested blend 
compositions 
 
 
 
 
 
Melt Index:
l
iw
B end i
i
MI MI= ∏  
Crystallinity:  
l i iB end
i
X w X= ∑  
Molecular Weight:  
l ( , )B end i ifMW w MW=  
Branching Content: 
l ( , )B end i ifBranch w Branch=
Impact Toughness:  
l ( , )B end i ifIT w IT=  
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7.4 Performance of Optimized Blends (Set 6)  
 
After modelling implementation in the previous section, Table.7.4 
summarizes expected properties for the three optimized blends. 
 
Table.7.4: Expected optimized blend properties as anticipated by the Maple 
optimization code 
 Opt-1 Opt-2 Opt-3 
XBlend (%) 56.6 60.0 58.2 
MIBlend (g/10min) 0.89 0.45 0.79 
MWBlend 178,300 182,400 184,300 
BrnchBlend (/1000C) 4.0 3.4 4.4 
TBlend (kJ/m2) 1500 1490 1540 
 
 
7.4.1 Molecular Weight Characteristics 
 
Table.7.5 : MW characteristics for optimized blends and the reference polymer 
Branching Co-monomer type/ MWD Mn MW Material 
/1000C Content (%Mole)   (GPC)  
2.7 0.54 Butene 24.0 9,950 222,000 Ref-1 
3.2 0.40 Hexene 16.0 11,700 191,900 Comp-A 
12.0 2.52 Hexene 9.0 15,900 141,000 Comp-G 
12.7 2.68 Hexene 9.9 15,300 152,000 Comp-H 
4.3 0.91 Hexene 14 13,100 176,000 Opt-1 
3.4 0.60 Hexene 15 12,800 181,000 Opt-2 
4.6 - 15 13,000 185,000 Opt-3 
 
 
Table.7.5 shows the experimental molecular weight characteristics for the 
reference polymer and the three optimized blends. The experimental 
molecular weight characteristics obtained matched the theoretical values 
predicted by the Maple code. Opt-3 recorded the highest molecular weight 
and branching content compared to the other two optimized blends. 
Generally, optimized blends had higher branching content, comparable 
molecular weight and narrower MWD compared to the reference polymer 
as shown in Figure.7.17. 
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Figure.7.17: MWD for optimized blends 2, 3 and the reference polymer 
 
 
7.4.2 Melt index, Viscosity and Processing Behaviour 
 
 
Table.7.6 : MI, viscosity values and processing behaviour for reference polymer and 
the optimized blends 
 
 
Table.7.6 lists different processing parameters for the reference polymer in 
comparison to the optimized blends. All optimized blends produced 
comparable MI or viscosity values to the reference polymer. Optimized 
blend 2 (Opt-2) which is 90% HDPE had the closest MI value to the target 
value. However, it is the only optimized blend which showed melt 
irregularities above shear rate value of 1036 1/s as shown in Figure.7.18 
which shows real time data of pressure versus time for the three optimized 
blends during a Rosand capillary experiment. 
 
Processibility (220 -230 ˚C) Viscosity MI 
Onset of melt fracture/ stick-slip Degree of shear  Pa-s (g/10 min) 
Shear rate (1/s) Stage thinning (slope)    
n/a n/a -0.81 70651 0.30 Ref-1 
n/a n/a -0.79 33640 0.62 Opt-1 
1036 7 -0.77 49050 0.40 Opt-2 
n/a n/a -0.81 32,985 0.59 Opt-3 
786 6-7 -0.75 59947 0.31 Comp-A 
- - -0.90 348 43.00 Comp-G 
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Opt-3 at 230˚C 
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Figure.7.18 : Pressure (MPa) as function of time (s) in Rosand experiment 
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Figure.7.19 : Log viscosity versus Log shear rate at 230˚C for the reference polymer 
and the optimized blends 
 
Figure.7.19 shows viscosity as a function of shear rate for the reference 
polymer in comparison to the three optimized blends. It can be concluded 
that all three optimized blends encountered a similar degree of shear 
thinning as the reference polymer. Among the three optimized blends, 
Opt-3 exhibited the closest viscosity reduction as a function of shear rate 
to the reference polymer as shown by Figure.7.20.  Figure.7.21 shows 
higher shear sensitivity of Opt-3 compared to Opt-2 which can be 
attributed to higher branching content of Opt-3 induced by 20% of the 
LDPE component H.  
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Figure.7.20 : Log viscosity versus Log shear rate at 230˚C for the reference polymer 
and the optimized blend-3 
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Figure.7.21 : Log viscosity versus Log shear rate at 230˚C for the optimized blends 
2 and 3 
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7.4.3 Mechanical Properties 
 
Table.7.7 presents mechanical properties for the reference polymer and 
the optimized blends where it is shown that all optimized blends were 
tougher than the reference polymer. The higher degree of branching and 
lower crystallinity of all optimized blends resulted in higher toughness 
values for the optimized blends compared to the reference polymer.  
 
Moreover, Opt-3 and Opt-1 showed better resistance to SCG and higher 
yield strength values, in comparison to the reference polymer. As shown in 
Figure.7.22, all optimized blends had higher yield strength properties and 
similar elongation properties compared to the reference polymer. 
Optimized blend 2, having less LDPE, showed similar yield strength but 
slightly less elongation compared to the other two optimized blends. 
Therefore, it can be concluded that toughness and resistance to SCG can 
be enhanced by the addition of 20% LDPE to HDPE although the tensile 
properties are relatively unaffected at these low levels of LDPE. 
  
Table.7.7: Mechanical properties for the reference polymer and the optimized blends 
Impact Toughness Yield 
Strength  
Break 
Elongation 
Tensile 
Modulus  
SCG Crystallinity Material 
Failure (kJ/m2) (MPa)  (%) (MPa) CRDF  (%)  
Ductile 1250 ± 100 19 ± 1.0 780 ± 90 1000 ± 80 3.7 60.0 Ref-1 
Ductile 1510 ± 195 21 ± 1.4 650 ± 120 920 ± 66 4.9 56.0 Opt-1 
Brittle 1485 ± 100 21 ± 1.1 580 ± 100 980 ± 70 4.1 60.0 Opt-2 
Ductile 1550 ± 195 21 ± 1.2 680 ± 110 930 ± 66 5.0 57.0 Opt-3 
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Figure.7.22 : Tensile properties comparison between the optimized blends and the 
reference polymer 
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8. GENERAL DISCUSSION 
 
8.1 Introduction 
 
Patents WO2004016688 and WO03085044 [52, 53] provide melt-blended 
PE compositions for pipe applications where ESCR was studied and 
improved. WO03051937 [54] claims to have produced easily and 
economically a blend of bimodal PE pipe grade, having improved stress 
crack resistance, improved impact strength and improved processing. The 
first blend component proposed in WO03051937 [54] is metallocene 
catalyzed uni-modal LLDPE with HLMI of 0.05 to 2 g/10min, density of 
920 to 940 kg/m3, molecular weight 400,000 to 700,000 and MWD of 2 to 
4.5. On the other hand, the second component should be Ziegler-Natta or 
chromium catalyzed uni-modal HDPE with HLMI of 5 to 100 g/10min and 
density of 950 to 970 kg/m3. 
 
Unfortunately the patent did not numerically state molecular weight 
characteristics for the resultant blends and the polymer components used, 
apart from the metallocene catalyzed LLDPE component. Blends 11 to 20 
of the current investigation employed similar formulations proposed by 
[54], containing one metallocene LLDPE component and one Zeigler-Natta 
HDPE component.  
 
A number of the components employed and reported in the above patents 
[53, 54], were intrinsically bimodal grades, which controverts the essence 
of performing such blending study to economically produce a blend for 
pipe applications. Also, multiple pass pelletizing was used [54] to achieve 
the required blends. In the work reported here, single pass compounding 
at 230˚C by an APV MP-30TC twin screw extruder proved to produce 
compatible blends as shown earlier.  
 
The current work succeeded in evaluating molecular weight 
characteristics, in particular branching type, content and distribution, of 
component polymers and blends, hence relating polymer structure to 
properties. This work developed a model which enables the prediction of 
optimal blend composition and properties. Unconsidered by the patents 
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discussed above, this work studied the resistance to SCG with its 
enhancing structural parameters. This work also presented structure-
processing exploration which was not offered by the patented work [54] 
although the main component used was a very high molecular weight of 
400,000 to 1,500,000. The patent claimed that the blends produced had 
improved processibilty. 
 
 
8.2 Comparison of Blends Produced 
 
The main aim of this study was to develop and optimize PE melt blends for 
pipe applications with a good control over processing and properties such 
as SCG and impact strength. As a start, different unimodal HDPE, 
mLLDPE, and LDPE grades were selected and acquired for this 
investigation. Different combinations and concentrations of these 
materials were blended and compared to a bimodal HDPE (PE-100) pipe 
grade produced by cascade reactors.  
 
Figure.8.1 compares differences between experimental and theoretical 
crystallinity values for three sets of binary blends; HDPE/HDPE (set 1), 
mLLDPE/HDPE (set 2) and LDPE/HDPE (set 4). The scales of axes in all 
plots were kept the same in order to visualize the difference between the 
three sets of the blends.  
 
Minimal differences between theoretical and experimental values of 
crystallinity were shown by HDPE/HDPE blends compared to mLLDPE/ 
HDPE or LDPE/ HDPE binary blends,  which can be attributed to similar 
molecular structures of HDPE/HDPE components, where both HDPE 
components have low levels of short chain branching when compared to 
LDPE (14.4/1000C) and mLLDPE (7.8/1000C). 
 
On the other hand, LDPE/HDPE blends recorded greater differences 
between theoretical and experimental values of crystallinty compared to 
other binary blends. The crystallinity values of blends investigated are less 
than additive over the range of compositions investigated, which indicates 
that the type and level of branching of the two components are influential 
with regard to blend co-crystallization. The same was concluded from 
various previous studies [26-29]. 
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HDPE/HDPE blends (set 1) : experimental against theoretical crystallinity values 
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mLLDPE/HDPE blends (set 2) : experimental against theoretical crystallinity values 
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LDPE/HDPE blends (set 4) : experimental against theoretical crystallinity values 
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Figure.8.1: Comparison between experimental and theoretical crystallinity 
values for different binary blends: 
- Set 1- binary HDPE/HDEP blends  
- Set 2- binary mLLDPE/HDEP blends  
- Set 4- binary LDPE/HDEP blends  
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Components used in this blending investigation, except the homopolymer 
component B, have butyl branches since they are hexene copolymers. 
These butyl branches may not be accommodated within the crystalline 
lattice during co-crystallization. Preedy [196, 197] stated that differences 
in defects (e.g. branches, unsaturation), between the two components, 
affected crystallinity where only methyl and ethyl groups can be contained 
within the crystalline lattice when studying changes in unit cell 
dimensions and crystallinity, as measured by x-ray diffraction.  
  
Compared to the theoretical crystallinity, the lower blend experimental 
crystallinity values were a result of other structural parameters rather 
than the branching type, namely the branching number and distribution. 
Less branching content and a more even branching distribution of 
mLLDPE, enhanced higher blend co-crystallization when compared to 
LDPE containing blends. 
 
Figure.8.2 shows the DSC thermograms for the four main polymer 
components used in this study, where heat of fusion correlates well with 
the short chain branching content existing in the four PE grades. Here it 
is expected that the melting temperature of the polymer and the profile of 
the endotherm will be affected by the extent to which short chain 
branching is incorporated in its crystalline structure and the resultant 
crystalline imperfections caused by these.  
 
Components A and C (both HDPE) having the least short chain branching, 
showed the highest heat of melting, hence the highest crystallinity, 
compared to components G (LDPE) or F (mLLDPE). On the other hand, 
component F (mLLDPE) showed two distinct peaks, a very narrow main 
peak and a small broad one. The mLLDPE bimodal crystallization peaks 
can be primarily explained by the presence of polymer fractions that 
possess different degrees of short-chain branching where the high melting 
temperature is due to the ethylene-rich or relatively linear molecules  
crystallizing from the melt first, while the peaks occurring at lower 
temperatures are due to the more branched species, such as octene-rich 
fractions, which crystallize at later stages [46, 201-203].  
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DSC trace for HDPE component A  
 
DSC trace for HDPE component C  
 
DSC trace for mLLDPE component F 
 
DSC trace for LDPE component G 
 
Figure.8.2: DSC comparison between four polymer components 
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LDPE component G, having the highest short chain branching content 
among the polymer components used, showed a small melting peak of low 
melting temperature and a broad shoulder which is correlated to the 
material bimodal structure and the existence of different branching types. 
 
DSC traces for HDPE/HDPE blends represented by blend 2, 
mLLDPE/HDPE blends represented by blend 12 and LDPE/HDPE blends 
represented by blend 32 are shown in Figure.8.3. Single melting/ 
crystallization peaks was shown by HDPE/HDPE and mLLDPE/HDPE 
blends reflecting good co-crystallization of the two components. However, 
first heating and cooling cycle of LDPE/HDPE blend showed three peaks 
(two peaks and a shoulder) for both melting and crystallization. The 
shoulder peak disappears in the second heating cycle which is a sign of a 
better homogeneity and dispersion of molecules after the second heating. 
Paying the attention to the fact that the LDPE used in this blend is a 
bimodal grade, the three peaks could be assigned to the presence of three 
average size crystallites formed either by the components separately 
or/and due to the co-crystallization process. Many studies [201-203] 
reported that DSC experiment for LDPE/HDPE blends revealed three 
endothermic peaks. An intermediate peak between the higher temperature 
HDPE and the lower temperature LDPE peaks has been associated with 
the fusion of a co-crystal, formed from linear and branched PEs. 
 
The breadth of endotherms and exotherms was in good agreement with 
the short chain branching content and the breadth of MWDs where the 
broadest melting and crystallization peaks were shown by the LDPE/ 
HDPE blend which has the highest short branching content of 4.3 and the 
broadest MWD of 16. The introduction of LDPE decreased the melting 
peak of the LDPE/HDPE blend, indicating a reduction in crystallite size. 
This behaviour was seen elsewhere [204]. Broad endotherms may be a 
result of several factors such as the distribution of lamellar  thicknesses, 
the  incorporation of branches into crystals,  the degree of crystal 
perfection and lateral crystal sizes [46, 203-205]. 
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DSC trace for blend 2 (0.5A/ 0.5C) of set 1 HDPE/HDPE blends  
 
DSC trace for blend 12 (0.5F/ 0.5C) of set 2 mLLDPE/HDPE blends 
 
DSC trace for blend 32 (0.5G/ 0.5A) of set 4 LDPE/HDPE blends 
 
Figure.8.3: Comparison between three blends DSC traces: 
-   Blend 2  - binary HDPE/HDEP blends (set 1) 
- Blend 12- binary mLLDPE/HDEP blends (set 2) 
- Blend 32- binary LDPE/HDEP blends (set4) 
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On the other hand, mLLDPE/HDPE blend having the narrowest MWD of 
3.5 showed relatively narrower melting or crystallization peaks compared 
to other blends shown in Figure.8.3. It is worth noting that the area of the 
shoulder melting peak of mLLDPE component F, was reduced upon the 
addition of HDPE component C. This is a sign of good co-crystallization 
and in good agreement with crystallinity additive mixing rule. Higher 
melting temperature and heat of fusion were shown by the HDPE/HDPE 
blend, in comparison to other binary blends, due to its higher crystallinity. 
A blend melting temperature and heat of fusion were found to fall between 
equivalent properties of the two forming components. In a previous 
polyolefin blending study [205], the enthalpies of fusion were found to be 
nearly monotonic functions of blend composition. 
 
Figure.8.4 compares differences between experimental and theoretical MI 
values for three sets of binary blends; HDPE/HDPE (set 1), 
mLLDPE/HDPE (set 2) and LDPE/HDPE (set 4). The scales of axes in all 
plots were kept the same in order to visualize the difference between the 
three sets of the blends.  
 
HDPE/ HDPE blends with similar component molecular characteristics 
and viscosity values recorded a good match between theoretical and 
experimental MI values. In contrast, LDPE/HDPE blends recorded higher 
differences between theoretical and experimental values of MI compared to 
other binary blends. The MI values of LDPE/HDPE blends are less than 
additive over the range of compositions investigated which reflects the 
difference between melt viscosities of the two components, which arise 
from the difference between molecular weight and degree of polymer chain 
entanglements. This viscosity gradient between the components was found 
in other studies [100-103,113-115] to reduce the degree of homogeneity of 
melt-mixing of LDPE and HDPE components.  
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HDPE/HDPE blends (set 1) : experimental against predicted Arrhenius MI values 
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mLLDPE/HDPE blends (set 2) : experimental against predicted Arrhenius MI values 
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LDPE/HDPE blends (set 4) : experimental against predicted Arrhenius MI values 
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Figure.8.4: Comparison between experimental and theoretical MI values for 
different binary blends: 
- Set 1- binary HDPE/HDEP blends  
- Set 2- binary mLLDPE/HDEP blends 
- Set 4- binary LDPE/HDEP blends 
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The response of various types of PEs to increasing shear was 
demonstrated to be a function of their degree of branching, long chain 
branching and MWD. 
 
Chum et al. [10] emphasized that increased LCB content can result in 
increased shear thinning. Cheng [105] obtained a similar change by 
increasing MWD. Several studies [75-79, 100-105] confirmed the 
importance of MWD and branching type and content for the processing 
and rheological behaviour where at comparable polymer molecular weights 
and viscosities, broader MWD and higher branching content (i.e. LDPE 
containing blends) were found to enhance the degree of shear thinning 
and foster extrudate stability, manifested by higher shear rate for the 
onset of melt fracture. Branched molecules have a more compact 
molecular profile at high shear rates than linear ones and hence have 
fewer entanglements to impede flow. 
 
In this study, components and blends, which have broad MWDs and/or 
high degree of branching content, exhibit greater reduction of viscosity as 
a function of shear rate than those having a similar average molecular 
weight but a narrower MWD. The increase of HDPE concentration in a 
blend was found to increase overall viscosity and hinder the flow due to 
the high molecular weight, (long molecules), and low branching content. 
On the other hand, enhanced processibility was found to be attainable 
through LDPE containing blends which are branched polymers, with 
relatively low molecular weights and broad MWDs.  
 
Comparing mechanical properties exhibited by various materials and 
blends included in this study, HDPE/ HDPE binary blends showed better 
stiffness and strength properties compared to the reference polymer or 
LDPE- LLDPE containing blends. Stiffness was found to be a linear 
function of crystallinity which was the result of low levels of branching in 
both HDPE components. 
 
On the other hand, superior elongation and toughness properties were 
shown by mLLDPE containing blends in comparison to the reference 
polymer and HDPE/ HDPE blends. That can be attributed to the mLLDPE 
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high degree of evenly distributed branches along the PE chain in mLLDPE 
which promoted greater energy absorption to initiate a crack than un-
branched PE.  
 
The addition of low levels (less than 20% by weight) of LDPE or mLLDPE to 
HDPE successfully doubled overall blend resistance to SCG and 
toughness although the tensile properties are relatively unaffected at these 
levels of LDPE and/or LLDPE in the blends. Similar studies [38, 44, 45] 
proposed a lower mLLDPE concentration (10 %) to enhance toughness of 
mLLDPE/HDPE blends. Poor tensile properties of HDPE/mLLDPE blends 
can be obtained when the ratio of concentrations of HDPE to LLDPE 
approaches 1 to 1 [38].  
 
 
8.3 Development of Model 
 
When studying all properties in light of mixing rules, crystallinity, 
molecular weight and toughness were found to follow simple additivity 
mixing rules, where the overall blend property equals to the summation of 
individual component property multiplied by their weight fraction. On the 
other hand, it was found that the blend MI and blend branching content 
can be predicted by empirical Arrhenius additivity relationships where the 
overall blend property, (either MI or branching content), is equal to the 
product of the component property to the power of component weight 
fraction.  
 
Resistance to SCG increased in a linear fashion with increase in both 
branching content and overall blend molecular weight. The presence of 
short chain branches, however, were found to be more effective than 
molecular weight for increasing resistance to SCG. Figure.7.11 shows a 
linear relationship exists between resistance to SCG and branching 
content of the first set of HDPE/HDPE blends. The same SCG-enhancing 
effect by short chain branches was observed by Ting et al. [166] when 
comparing four PE grades with respect to their SCG behaviour using a 
notched tensile test. 
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However, there is no previous work which establishes the relationship 
between branching content and blend composition, nor the relationship 
between SCG and SCB. Assuming a linear relationship governing 
branching content as a function of blend composition did not produce a 
good fit with experimental branch content values. Figure.7.4 shows 
experimental branch content determined by 13C NMR and theoretical 
branching content in terms of component A concentration where the best 
fit of the predicted branch content in terms of component A concentration 
was achieved by an Arrhenius relationship. The relation governing 
branching content as a function of blending ratio was found to be: 
 
 
 
 
 
where Brnchblend is the blend branch content per 1000C; Brnchi is the 
branching content of component(i) and wi is the weight fraction of 
component(i) in the blend.  
 
All mentioned molecular parameters, individual component properties, the 
reference target values and equations governing blend properties in terms 
of blend composition were fed to an optimization data base / program 
thus developing a model to predict optimum blend(s) composition and 
optimal final blend properties. The original model was successful in 
designing optimized blends with higher branching content, comparable 
molecular weight, MWD, viscosity and processing behaviour to the 
reference polymer.  
Table.8.1 presents a comparison between properties anticipated by the 
model and experimental property values where a close experimental match 
to theoretical has been observed for all properties. A small deviation from 
the prediction of the experimental MI was recorded due to viscosity 
mismatch between LDPE and HDPE components during melt-
compounding as pointed out earlier. This deviation grew from minimum at 
6 % of LLDPE concentration to a maximum at 50 % of LDPE concentration 
in the blend. Although optimized blend 2 showed good viscosity reduction 
as a function of shear, it is the only optimized blend which showed melt 
l = ∏ iwB end i
i
BrnchBrnch
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irregularities above a shear rate value of 1036 1/s. Optimized blend 3, in 
particular, encountered the same degree of shear thinning, (viscosity 
reduction as function of shear rate), as the reference material. Moreover, 
all optimized blends had similar tensile properties, better toughness and 
higher resistance to SCG when compared to the reference polymer. 
 
Table.8.1: Comparison between experimental values of optimized blend properties 
and theoretical properties as predicted by the model 
Blend Opt-1 Opt-2 Opt-3 
property Theo. Exp.  Theo. Exp.  Theo. Exp.  
Crystallinity (%) 56.6 56.0 60.0 60.0 58.2 57.0 
Melt Index (g/10min) 0.89 0.62 0.45 0.40 0.79 0.58 
Molecular Weight 178,300 176,000 182,400 181,000 184,300 185,000 
Branching (/1000C) 4.0 4.3 3.4 3.6 4.4 4.6 
Toughness (kJ/m2) 1500 1510 1490 1480 1540 1550 
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9. CONCLUSION AND FUTURE WORK 
 
9.1 Conclusions 
 
o Melt-blending was used to produce PE blends with comparable 
properties to bimodal pipe grades, particularly with respect to 
processing, slow crack resistance and tensile properties.  
 
o The method of melt compounding using an APV twin screw 
extruder, produced morphologically uniform HD/HDPE, 
mLLD/HDPE and LD/HDPE blends. The type and level of 
branching of blend components, however, is influential with 
regard to compatibility or co-crystallization. 
 
o The use of ECHIP was of tremendous help to minimize blending 
trials and to simultaneously analyze several complex product 
properties. 
 
o Microscopy, MI and DSC results revealed that all blends under 
investigation were compatible with different degrees of 
compatibility. HDPE/HDPE showed the highest degree of 
compatibility when compared to mLLDPE/ HDPE or LDPE/ HDPE 
blends due to similarities in the molecular structure of the two 
HDPE forming components, particularly the type and level of 
branching. 
 
o HDPE/ HDPE showed relatively higher molecular weight 
compared to mLLDPE/ HDPE or LDPE/ HDPE blends. However, 
LDPE/ HDPE blends showed broader MWD and higher degree of 
branching per 1000C.  
 
o HDPE/ HDPE binary blends showed better stiffness and strength 
properties compared to the reference polymer or LDPE or LLDPE 
containing blends. On the other hand, superior elongation and 
toughness properties were shown by mLLDPE containing blends 
in comparison to the reference polymer and HDPE/ HDPE blends.  
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o The highest resistance to SCG was shown by LDPE containing 
blends, followed by mLLDPE blends due to their high branching 
content. The overall blend resistance to SCG or toughness can be 
enhanced with levels less than 20% by weight of LDPE or LLDPE 
in the  blend although the tensile properties are relatively 
unaffected at these low levels of LDPE and/or LLDPE in the 
blends. 
 
o The use of the Maple code as modelling and optimization software 
proved to be powerful in designing the optimum blends with 
optimal processing/ property performance. A model was 
developed to predict optimal blend composition/ properties 
through varying blend components and their weight 
concentrations. 
 
o Optimized blends had higher branching content, comparable 
molecular weight, MWD, viscosity and processing behaviour to 
the reference polymer. Optimized blend 3, in particular, 
encountered the same degree of shear thinning (viscosity 
reduction as function of shear rate) as the reference material. 
Moreover, all optimized blends illustrated similar tensile 
properties, better toughness and higher resistance to SCG when 
compared to the reference polymer. 
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9.2 Future Work 
 
Although a complete analysis of the cost savings associated with blending 
is outside the scope of the current work, future studies could assess the 
cost benefits of blending existing polymers by including real cost analysis 
for suggested blends in comparison to market existing bimodal grades 
serving pipe applications. 
 
FTIR analysis and 13C NMR can be used to compare minor structure 
variations, mainly unsaturation, branch content, short and long branch 
distribution. 
  
PE components with higher differences in molecular weight characteristics 
should be included to have more flexibility in the modelling to ensure all 
desired target values will fall in the range of components used, and to 
have a better MWD split. 
 
Structure development during flow and orientation development during 
flow at surface should be investigated. Structure development during flow 
causes chain orientation depending on the molar mass distribution. 
Development of orientation in the bulk will affect crystallization leading to 
shish-kebab morphologies, causing variations in tensile properties. The 
work should address structure-property relationships using defined flow 
conditions. 
 
The development of new polymer materials with customized properties by 
blending two  or  more  existing  polymers  has  almost  unlimited  
potential  for  further development.  Combinations of polymers in binary 
blends alone are limited only by blend  compatibility  but  when  combined  
with  the  use  additives  such  as compatibilizers  the range  of  
potentially  useful  materials  based  on  existing  or recycled polymers is 
enormous.  
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11. LIST OF APPENDICES 
 
11.1: APV compounding extrusion conditions  
 
 
 
 
Screw  Torque  Pressure Set/actual temperatures (ºC) of zones 1 to 6 Blend 
rpm Amp psi 6 5 4 3 2 1  
201 68 185 170/182 180/184 190/189 200/208 220/221 220/216 1 
201 67 180 180/189 190/193 200/198 210/215 230/229 230/227 2 
201 64 180 190/196 200/203 210/212 220/225 240/236 240/238 3 
201 65 170 170/180 180/183 190/187 200/205 220/219 220/218 4 
201 65 165 180/185 190/192 200/196 210/209 230/226 230/227 5 
201 60 165 190/192 200/201 210/213 220/222 240/235 240/239 6 
201 65 155 190/192 200/200 210/210 220/221 240/236 240/237 7 
201 67 115 170/173 180/176 190/185 200/202 220/217 220/217 8 
201 65 115 180/182 190/192 200/197 210/210 230/226 230/230 9 
201 61 120 190/188 200/199 210/203 220/218 240/233 240/238 10 
201 58 145 170/183 180/185 190/187 200/210 220/219 220/217 11 
201 54 145 180/189 190/194 200/197 210/216 230/228 230/228 12 
201 48 135 190/196 200/203 210/212 220/225 240/236 240/238 13 
201 57 120 170/177 180/182 190/194 200/197 220/217 220/215 14 
201 57 125 180/186 190/195 200/198 210/211 230/226 230/227 15 
201 55 130 190/190 200/202 210/209 220/221 240/235 240/238 16 
201 52 120 190/190 200/201 210/205 220/221 240/234 240/238 17 
201 59 95 170/173 180/184 190/193 200/194 220/216 220/217 18 
201 55 100 180/180 190/192 200/201 210/210 230/224 230/228 19 
201 49 105 190/186 200/201 210/204 220/219 240/234 240/237 20 
201 72 235 180/189 190/183 200/198 210/212 230/229 230/226 21 
200 64 195 180/187 190/192 200/199 210/207 230/228 230/227 22 
200 69 255 180/191 190/193 200/203 210/211 230/230 230/227 23 
200 72 320 180/192 190/193 200/203 210/221 230/234 230/227 24 
200 50 370 180/180 190/190 200/194 210/211 230/231 230/227 25 
200 57 420 180/184 190/191 200/202 210/212 230/233 230/226 26 
200 59 455 180/186 190/191 200/195 210/214 230/234 230/226 27 
200 61 490 180/184 190/191 200/196 210/214 230/235 230/225 28 
200 65 570 180/186 190/192 200/201 210/216 230/237 230/225 29 
200 66 560 180/186 190/192 200/197 210/215 230/236 230/225 30 
200 57 240 180/189 190/192 200/195 210/213 230/234 230/227 31 
200 28 150 180/170 190/188 200/191 210/201 230/225 230/228 32 
200 54 265 180/187 190/192 200/204 210/217 230/234 230/226 33 
200 32 165 180/172 190/188 200/193 210/205 230/228 230/228 34 
200 44 275 180/177 190/189 200/202 210/217 230/232 230/227 35 
200 28 80 180/172 190/191 200/193 210/207 230/226 230/228 36 
200 53 200 180/183 190/187 200/201 210/209 230/235 230/227 Opt.1 
200 65 220 180/185 190/186 200/199 210/210 230/229 230/226 Opt.2 
200 60 190 180/189 190/195 200/201 210/210 230/236 230/227 Opt.3 
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11.2: DSC data for all materials investigated 
 
Tc Tm Heat of 
Melting 
Theoretical 
Crystallinity 
Experimental  
Crystallinity 
Material/ 
Blends 
(˚C) (˚C) J/g (%) (%)  
      
111.4 134.6 171.1 - 60.0 Ref-1 
113.2 132.4 173.3 - 61.0 Ref-2 
114.5 132.7 176.4 - 62.0 Ref-3 
114.1 134.0 177.5 - 62.0 Comp-A 
115.6 134.5 178.6 - 64.0 Comp-B 
115.3 137.3 199.1 - 70.0 Comp-C 
114.5 139.1 202.6 - 71.0 Comp-D 
113.1 134.1 197.3 - 69.0 Comp-E 
106.4 122.6 122.7 - 43.0 Comp-F 
89.0 109.0 123.0 - 39.0 Comp-G 
86.0 109.0 120.0 - 42.0 Comp-H 
86.0 108.0 118.0 - 41.0 Comp-I 
92.0 112.0 141.0 - 49.0 Comp-J 
      
115.7 134.7 190.8 66.0 66.7 1 
114.5 135.7 184.2 66.0 64.4 2 
115.5 135.2 189.6 66.0 66.3 3 
115.3 136.3 186.1 67.8 65.1 4 
115.4 136.2 190.2 67.8 66.5 5 
116.5 135.0 198.2 67.8 69.3 6 
116.0 136.0 195.6 68.4 68.4 7 
116.7 136.5 199.1 69.6 69.6 8 
116.8 136.6 199.1 69.6 69.6 9 
116.6 136.3 199.1 69.6 69.6 10 
114.0 131.5 161.6 56.5 56.5 11 
114.0 131.6 148.7 56.5 52.0 12 
114.2 131.4 161.6 56.5 56.5 13 
114.4 134.6 177.3 62.4 62.0 14 
114.3 134.5 163.0 62.6 57.0 15 
114.4 134.7 178.5 62.4 62.4 16 
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114.4 134.7 184.8 64.6 64.6 17 
115.0 135.2 196.2 68.6 68.6 18 
115.2 135.0 196.2 68.6 68.6 19 
114.8 135.3 196.2 68.6 68.6 20 
114.7 135.3 180.2 64.2 63.0 21 
117.9 135.6 197.3 67.8 69.0 22 
115.0 137.5 177.3 66.0 62.0 23 
115.0 136.8 177.3 64.2 62.0 24 
114.7 137.0 196.0 67.0 68.5 25 
115.5 136.0 185.8 67.0 65.0 26 
115.9 135.9 182.0 66.9 63.6 27 
115.7 137.4 201.1 67.0 70.3 28 
116.2 137.1 194.5 67.0 68.0 29 
116.5 136.8 194.5 66.9 68.0 30 
111.2 129.7 151.5 52.5 53.0 31 
113.5 131.7 127.1 48.5 44.4 32 
113.2 131.0 151.0 52.5 52.8 33 
116.5 132.5 153.7 52.0 53.7 34 
116.6 132.6 158.7 57.7 55.5 35 
115.3 129.1 137.0 45.2 47.9 36 
      
116 132 157.3 56.7 55.0 Opt-1 
115 134 171.6 60.0 60.0 Opt-2 
116 132 165.0 59.0 57.7 Opt-3 
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11.3: Slow crack growth resistance in terms of CRDF values 
 
SCG Resistance Material/ Blend 
CRDF   
  
3.7 Ref-1 
3.8 Ref-2 
3.3 Ref-3 
3.8 Comp-A 
0.9 Comp-B 
1.2 Comp-C 
0.4 Comp-D 
0.4 Comp-E 
8.0 Comp-F 
10.8 Comp-G 
11.1 Comp-H 
12.1 Comp-I 
12.1 Comp-J 
  
1.6 2 
1.3 5 
1.2 9 
4.2 12 
3.0 14 
2.9 15 
2.0 21 
1.1 22 
1.0 23 
1.0 24 
1.3 25 
1.5 27 
0.9 28 
0.9 30 
  
4.9 O-1 
4.1 O-2 
5.0 O-3 
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11.4: Rheological parameters at 200˚C 
 
 
 
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.4 43.6 20.0 1945.5 1.3 3.3
2 45.1 61.9 38.6 1372.8 1.6 3.1
3 91.9 87.6 74.6 953.6 1.9 3.0
4 189.9 120.8 143.9 636.1 2.2 2.8
5 401.9 161.7 278.2 402.4 2.4 2.6
6 881.0 209.5 536.9 237.7 2.7 2.4
7 2062.0 263.6 1035.8 127.8 3.0 2.1
8 5591.4 239.5 2000.2 42.8 3.3 1.6
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.2 32.0 20.0 1442.9 1.3 3.2
2 43.9 48.6 38.6 1106.8 1.6 3.0
3 87.5 73.4 74.6 839.0 1.9 2.9
4 175.1 107.0 143.9 610.9 2.2 2.8
5 353.6 149.2 278.5 421.8 2.4 2.6
6 717.1 200.5 536.9 279.6 2.7 2.4
7 1316.9 260.1 936.5 197.5 3.0 2.3
8 3070.4 323.3 1999.4 105.3 3.3 2.0
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 21.6 24.9 20.0 1152.5 1.3 3.1
2 42.8 39.8 38.6 930.3 1.6 3.0
3 84.9 61.5 74.6 724.7 1.9 2.9
4 169.4 92.3 143.9 545.2 2.2 2.7
5 339.7 135.0 277.8 397.3 2.4 2.6
6 686.4 188.1 536.1 274.0 2.7 2.4
7 1403.3 250.5 1036.6 178.5 3.0 2.3
8 2902.4 319.0 2001.0 109.9 3.3 2.0
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.2 57.2 20.0 2575.8 1.3 3.4
2 45.6 79.0 38.6 1732.7 1.6 3.2
3 95.8 107.0 74.6 1117.0 1.9 3.0
4 208.7 142.3 143.5 681.6 2.2 2.8
5 495.5 183.3 277.8 369.9 2.4 2.6
6 1441.1 230.1 536.1 159.7 2.7 2.2
7 16768.3 235.6 1035.0 14.1 3.0 1.1
8 -3664.9 191.7 2000.2 -52.3
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.4 41.8 20.0 1867.1 1.3 3.3
2 44.7 61.4 38.6 1374.4 1.6 3.1
3 89.7 88.6 74.6 987.3 1.9 3.0
4 181.1 126.0 143.5 696.0 2.2 2.8
5 372.2 173.0 278.2 464.9 2.4 2.7
6 772.2 230.8 536.1 298.8 2.7 2.5
7 1644.7 296.8 1036.6 180.4 3.0 2.3
8 3622.0 316.6 2000.2 87.4 3.3 1.9
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Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 20.0 -75.4 20.0 -3771.5
2 38.6 -48.8 38.6 -1263.9
3 74.6 -17.1 74.6 -229.9
4 121.7 19.6 143.9 160.9 2.2 2.2
5 253.5 66.9 277.8 264.1 2.4 2.4
6 696.7 120.9 536.9 173.6 2.7 2.2
7 358.3 171.8 1034.2 479.5 3.0 2.7
8 1206.3 55.1 2000.2 45.7 3.3 1.7
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 21.9 61.5 20.0 2804.4 1.3 3.4
2 45.1 86.2 38.6 1912.9 1.6 3.3
3 95.0 117.1 74.6 1232.1 1.9 3.1
4 209.0 157.3 143.5 752.7 2.2 2.9
5 509.0 205.4 277.8 403.6 2.4 2.6
6 1645.5 258.3 536.9 156.9 2.7 2.2
7 -16964.7 234.3 1035.8 -13.8
8 -2141.1 207.4 1999.4 -96.9
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.7 86.9 20.0 3825.8 1.3 3.6
2 48.1 116.1 38.6 2412.2 1.6 3.4
3 108.1 152.4 74.6 1409.9 1.9 3.1
4 278.2 196.1 143.9 704.6 2.2 2.8
5 1277.2 246.1 278.2 192.7 2.4 2.3
6 -1262.0 255.4 536.1 -202.4
7 -365.5 125.6 1035.8 -343.7
8 158.5 189.8 2000.2 1197.6 3.3 3.1
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 23.1 76.6 20.0 3311.4 1.3 3.5
2 49.8 101.3 38.6 2035.1 1.6 3.3
3 115.5 130.4 74.6 1129.1 1.9 3.1
4 331.8 165.5 144.3 499.0 2.2 2.7
5 6485.1 203.8 277.8 31.4 2.4 1.5
6 -555.9 128.3 536.1 -230.8
7 -113.2 152.4 1035.0 -1346.9
8 0.0 158.8 0.0 Err!
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 27.1 134.8 20.0 4967.8 1.3 3.7
2 79.6 165.8 38.6 2083.6 1.6 3.3
3 -553.5 189.8 74.6 -342.8
4 -34.9 156.6 143.9 -4488.8
5 61.6 117.9 277.8 1915.1 2.4 3.3
6 209.5 89.6 536.9 427.7 2.7 2.6
7 0.0 100.9 0.0 Err!
8 0.0 102.6 0.0 Err!
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Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 20.8 19.4 20.0 930.7 1.3 3.0
2 41.3 33.8 38.6 820.0 1.6 2.9
3 82.2 54.8 74.6 667.0 1.9 2.8
4 165.2 85.0 144.3 514.5 2.2 2.7
5 332.7 125.6 277.8 377.4 2.4 2.6
6 681.0 177.7 536.9 260.9 2.7 2.4
7 1413.5 238.3 1035.8 168.6 3.0 2.2
8 3010.9 303.1 2000.2 100.7 3.3 2.0
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 33.0 95.0 20.0 2881.1 1.3 3.5
2 68.7 117.3 38.6 1708.3 1.6 3.2
3 145.5 141.4 74.6 971.9 1.9 3.0
4 316.1 167.2 143.9 528.9 2.2 2.7
5 712.4 179.6 277.8 252.1 2.4 2.4
6 1711.6 154.0 536.9 90.0 2.7 2.0
7 4616.4 191.5 1035.8 41.5 3.0 1.6
8 16974.7 217.6 1999.4 12.8 3.3 1.1
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 36.4 90.5 20.0 2484.4 1.3 3.4
2 73.6 107.3 38.6 1458.0 1.6 3.2
3 149.5 125.3 74.6 838.1 1.9 2.9
4 304.6 145.2 143.5 476.6 2.2 2.7
5 629.9 164.3 278.2 260.8 2.4 2.4
6 1307.4 154.1 536.1 117.9 2.7 2.1
7 2756.3 186.8 1036.6 67.8 3.0 1.8
8 5887.5 215.7 1999.4 36.6 3.3 1.6
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 28.8 83.4 20.0 2894.7 1.3 3.5
2 59.4 103.3 38.6 1738.8 1.6 3.2
3 124.5 126.2 74.6 1014.1 1.9 3.0
4 265.8 151.1 143.5 568.4 2.2 2.8
5 591.5 178.9 278.2 302.5 2.4 2.5
6 1382.8 181.2 536.1 131.0 2.7 2.1
7 3600.8 197.6 1035.0 54.9 3.0 1.7
8 12259.9 220.0 2000.2 18.0 3.3 1.3
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11.5: Rheological parameters at 210˚C 
 
 
 
 
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.9 39.1 20.0 1711.8 1.3 3.2
2 45.5 58.6 38.6 1285.8 1.6 3.1
3 91.2 83.1 74.6 910.9 1.9 3.0
4 183.9 115.3 143.9 627.2 2.2 2.8
5 373.9 155.6 277.8 416.2 2.4 2.6
6 770.4 204.0 536.9 264.8 2.7 2.4
7 1610.1 260.0 1035.8 161.5 3.0 2.2
8 3448.6 298.6 1999.4 86.6 3.3 1.9
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.4 29.9 20.0 1338.8 1.3 3.1
2 44.2 44.9 38.6 1014.8 1.6 3.0
3 87.9 68.6 74.6 781.1 1.9 2.9
4 175.2 98.5 143.9 562.3 2.2 2.7
5 351.0 137.0 277.8 390.5 2.4 2.6
6 707.7 188.0 536.1 265.6 2.7 2.4
7 1440.4 245.4 1035.8 170.4 3.0 2.2
8 2962.7 311.1 2000.2 105.0 3.3 2.0
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.0 24.4 20.0 1111.2 1.3 3.0
2 43.3 37.5 38.6 864.2 1.6 2.9
3 85.8 57.7 74.6 672.7 1.9 2.8
4 170.4 86.4 143.9 506.9 2.2 2.7
5 339.8 124.9 277.8 367.6 2.4 2.6
6 681.2 174.4 536.1 256.0 2.7 2.4
7 1376.9 234.9 1036.6 170.6 3.0 2.2
8 2800.8 303.1 2000.2 108.2 3.3 2.0
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.8 55.1 20.0 2417.4 1.3 3.4
2 46.4 74.4 38.6 1604.5 1.6 3.2
3 95.8 100.9 74.6 1053.2 1.9 3.0
4 202.6 134.4 143.9 663.7 2.2 2.8
5 446.2 174.6 278.2 391.2 2.4 2.6
6 1054.5 221.5 536.1 210.1 2.7 2.3
7 2977.1 272.2 1036.6 91.4 3.0 2.0
8 17903.0 213.6 1999.4 11.9 3.3 1.1
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.9 40.2 20.0 1752.5 1.3 3.2
2 45.6 60.4 38.6 1325.1 1.6 3.1
3 90.9 83.7 74.6 921.5 1.9 3.0
4 182.1 115.9 143.9 636.7 2.2 2.8
5 367.1 161.0 277.8 438.6 2.4 2.6
6 747.4 213.2 536.9 285.2 2.7 2.5
7 1201.9 271.8 829.4 226.1 2.9 2.4
8 3202.1 319.6 1998.6 99.8 3.3 2.0
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Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.4 57.3 20.0 2556.5 1.3 3.4
2 45.5 79.8 38.6 1751.4 1.6 3.2
3 93.8 110.2 74.6 1174.6 1.9 3.1
4 197.7 147.7 143.9 747.3 2.2 2.9
5 432.2 195.1 277.8 451.4 2.4 2.7
6 1014.9 248.7 536.9 245.1 2.7 2.4
7 2794.2 306.4 1036.6 109.7 3.0 2.0
8 14730.2 246.0 2000.2 16.7 3.3 1.2
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 22.1 82.9 20.0 3757.5 1.3 3.6
2 46.0 111.8 38.6 2429.6 1.6 3.4
3 100.0 149.0 74.6 1490.6 1.9 3.2
4 236.3 192.8 143.9 816.0 2.2 2.9
5 714.4 245.2 278.2 343.2 2.4 2.5
6 -27458.1 303.5 536.1 -11.1
7 -977.5 201.8 1035.8 -206.5
8 0.0 222.1 0.0 Err!
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 23.7 73.5 20.0 3105.7 1.3 3.5
2 49.8 95.4 38.6 1913.9 1.6 3.3
3 109.7 123.6 74.6 1126.5 1.9 3.1
4 263.0 156.4 143.5 594.6 2.2 2.8
5 818.5 192.5 278.5 235.2 2.4 2.4
6 -98189.3 177.2 536.9 -1.8
7 -1436.0 172.7 1035.0 -120.3
8 0.0 201.6 0.0 Err!
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 25.9 119.6 20.0 4627.0 1.3 3.7
2 62.4 142.6 38.6 2287.3 1.6 3.4
3 214.6 167.3 74.6 779.5 1.9 2.9
4 -556.7 187.0 143.9 -335.9
5 -99.1 153.6 278.2 -1550.8
6 65.1 129.4 536.9 1989.0 2.7 3.3
7 0.0 156.7 0.0 Err!
8 0.0 151.2 0.0 Err!
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 21.0 17.5 20.0 835.0 1.3 2.9
2 41.5 29.4 38.6 708.3 1.6 2.9
3 82.3 47.2 74.6 573.6 1.9 2.8
4 164.1 74.3 143.9 452.6 2.2 2.7
5 328.8 112.0 277.8 340.5 2.4 2.5
6 664.2 160.9 536.1 242.2 2.7 2.4
7 1356.9 219.3 1035.8 161.6 3.0 2.2
8 2810.7 283.8 2000.2 101.0 3.3 2.0
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Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 20 -5.88 20 -293.92 1.30
2 38.61 -5.88 38.61 -152.18 1.59
3 63.21 3.57 74.55 56.53 1.80 1.75
4 132.02 15.48 144.31 117.24 2.12 2.07
5 291.41 26.83 277.76 92.07 2.46 1.96
6 671.12 43.57 536.12 64.92 2.83 1.81
7 1287.04 66.05 1036.55 51.32 3.11 1.71
8 2077.35 91.93 2000.17 44.25 3.32 1.65
Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 18.93 2.73 20 144.2 1.28 2.16
2 38.06 6.02 38.61 158.21 1.58 2.20
3 76.97 11.21 74.55 145.66 1.89 2.16
4 156.69 18.92 144.31 120.77 2.20 2.08
5 317.15 29.91 278.15 94.31 2.50 1.97
6 637.19 44.97 536.9 70.57 2.80 1.85
7 1257.48 65.19 1036.55 51.84 3.10 1.71
8 2420.93 91.18 2000.17 37.66 3.38 1.58
Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 20.39 9.58 20 470.04 1.31 2.67
2 41.4 17.17 38.61 414.7 1.62 2.62
3 84.46 26.78 74.55 317.06 1.93 2.50
4 172.36 39.96 143.92 231.86 2.24 2.37
5 348.68 56.3 277.37 161.48 2.54 2.21
6 696 77.16 536.12 110.86 2.84 2.04
7 1354.95 104.82 1035.78 77.36 3.13 1.89
8 2568.18 139.35 2000.95 54.26 3.41 1.73
Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 20 -0.11 20 -5.52 1.30
2 34.15 3.01 38.61 88.22 1.53 1.95
3 70.14 9.02 74.55 128.56 1.85 2.11
4 147.83 17.38 143.92 117.55 2.17 2.06
5 317.46 28.33 277.76 89.24 2.50 1.94
6 664.6 42.8 536.9 64.4 2.82 1.81
7 1263.37 60.1 1035 47.57 3.10 1.69
8 2222.19 86.77 2000.17 39.05 3.35 1.59
LD
PE
18
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PE
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PE
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09
LD
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40
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Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1 31.8 87.5 20.0 2749.2 1.3 3.4
2 65.1 105.1 38.6 1615.1 1.6 3.2
3 134.3 123.8 74.6 922.1 1.9 3.0
4 279.8 150.4 143.5 537.3 2.2 2.7
5 598.8 172.0 278.5 287.3 2.4 2.5
6 1305.0 172.1 537.7 131.9 2.7 2.1
7 2942.0 192.4 1035.8 65.4 3.0 1.8
8 7054.7 223.1 2000.2 31.6 3.3 1.5
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Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1.0 23.0 39.0 20.0 1696.6 1.3 3.2
2.0 45.8 56.9 38.6 1243.4 1.6 3.1
3.0 91.9 79.5 74.6 865.8 1.9 2.9
4.0 186.0 112.3 144.3 603.8 2.2 2.8
5.0 378.5 149.9 278.2 396.1 2.4 2.6
6.0 780.0 195.6 536.1 250.7 2.7 2.4
7.0 1640.4 249.7 1035.8 152.2 3.0 2.2
8.0 3540.0 277.6 2000.2 78.4 3.3 1.9
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
1.0 22.8 51.1 20.0 2236.4 1.3 3.3
2.0 46.4 68.5 38.6 1478.0 1.6 3.2
3.0 95.5 92.3 74.6 967.2 1.9 3.0
4.0 200.8 124.5 143.9 620.2 2.2 2.8
5.0 436.9 164.0 277.8 375.4 2.4 2.6
6.0 1013.4 208.5 536.9 205.8 2.7 2.3
7.0 2679.7 258.0 1035.8 96.3 3.0 2.0
8.0 11072.3 205.5 2000.2 18.6 3.3 1.3
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
1.0 22.6 54.3 20.0 2408.4 1.3 3.4
2.0 45.5 74.7 38.6 1642.9 1.6 3.2
3.0 92.7 106.6 74.6 1150.2 1.9 3.1
4.0 191.7 145.7 143.9 760.1 2.2 2.9
5.0 405.7 194.6 277.8 479.6 2.4 2.7
6.0 890.9 250.6 536.1 281.3 2.7 2.4
7.0 2095.3 313.4 1035.8 149.6 3.0 2.2
8.0 5714.1 283.3 2000.2 49.6 3.3 1.7
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
1.0 21.3 76.7 20.0 3601.0 1.3 3.6
2.0 44.4 103.8 38.6 2339.5 1.6 3.4
3.0 96.6 138.7 74.6 1436.5 1.9 3.2
4.0 231.9 180.2 143.9 777.2 2.2 2.9
5.0 776.2 231.9 277.8 298.8 2.4 2.5
6.0 -2507.8 288.4 536.9 -115.0
7.0 -433.1 235.8 1035.8 -544.5
8.0 191.7 153.2 2000.2 799.0
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Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1.0 25.7 69.3 20.0 2692.8 1.3 3.4
2.0 53.4 89.7 38.6 1678.5 1.6 3.2
3.0 113.6 116.2 74.6 1023.2 1.9 3.0
4.0 251.8 149.0 144.3 591.6 2.2 2.8
5.0 595.1 184.3 278.2 309.7 2.4 2.5
6.0 1641.7 172.1 536.9 104.8 2.7 2.0
7.0 7810.5 148.1 1035.8 19.0 3.0 1.3
8.0 -12864.8 218.0 2000.2 -16.9
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1.0 28.4 120.8 20.0 4259.6 1.3 3.6
2.0 83.1 155.0 38.6 1865.5 1.6 3.3
3.0 -1022.4 189.5 74.6 -185.3
4.0 -61.1 137.0 143.9 -2243.2
5.0 38.5 105.9 278.2 2748.9 2.4 3.4
6.0 180.2 95.4 536.1 529.4 2.7 2.7
7.0 0.0 99.6 0.0 Err!
8.0 0.0 98.1 0.0 Err!
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1.0 20.8 15.6 20.0 753.0 1.3 2.9
2.0 41.1 26.8 38.6 651.5 1.6 2.8
3.0 81.6 44.5 74.6 545.1 1.9 2.7
4.0 162.8 70.5 143.9 433.1 2.2 2.6
5.0 327.4 105.1 278.2 321.1 2.4 2.5
6.0 663.5 151.4 536.9 228.1 2.7 2.4
7.0 1360.1 207.5 1035.8 152.6 3.0 2.2
8.0 2839.8 271.3 2000.2 95.6 3.3 2.0
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate (/s) Shear viscosity 
(Pa.s)
Log shear rate Log viscosity
1.0 28.8 87.9 20.0 3049.2 1.3 3.5
2.0 59.0 110.7 38.6 1877.1 1.6 3.3
3.0 122.0 136.5 74.6 1118.9 1.9 3.0
4.0 256.2 163.6 143.9 638.6 2.2 2.8
5.0 550.2 190.4 277.8 346.0 2.4 2.5
6.0 1221.3 204.1 536.1 167.1 2.7 2.2
7.0 2864.4 222.5 1035.8 77.7 3.0 1.9
8.0 7418.3 255.5 2000.2 34.5 3.3 1.5
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Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 22.97 35.24 20 1534.48 1.36 3.19
2 45.55 50.41 38.61 1106.9 1.66 3.04
3 90.66 72.77 74.55 802.72 1.96 2.90
4 181.26 104.62 143.92 577.17 2.26 2.76
5 364.31 141.86 277.76 389.39 2.56 2.59
6 737.57 188.1 536.12 255.02 2.87 2.41
7 1507.45 245.76 1035 163.03 3.18 2.21
8 3122.85 291.21 2000.17 93.25 3.49 1.97
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 22.4 29.9 20.0 1338.8 1.35 3.13
2 44.2 44.9 38.6 1014.8 1.65 3.01
3 87.9 68.6 74.6 781.1 1.94 2.89
4 175.2 98.5 143.9 562.3 2.24 2.75
5 351.0 137.0 277.8 390.5 2.55 2.59
6 707.7 188.0 536.1 265.6 2.85 2.42
7 1440.4 245.4 1035.8 170.4 3.16 2.23
8 2962.7 311.1 2000.2 105.0 3.47 2.02
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 22.0 24.4 20.0 1111.2 1.34 3.05
2 43.3 37.5 38.6 864.2 1.64 2.94
3 85.8 57.7 74.6 672.7 1.93 2.83
4 170.4 86.4 143.9 506.9 2.23 2.70
5 339.8 124.9 277.8 367.6 2.53 2.57
6 681.2 174.4 536.1 256.0 2.83 2.41
7 1376.9 234.9 1036.6 170.6 3.14 2.23
8 2800.8 303.1 2000.2 108.2 3.45 2.03
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 22.94 46.96 20 2047.2 1.36 3.31
2 46.41 63.2 38.61 1361.9 1.67 3.13
3 94.99 86.6 74.55 911.61 1.98 2.96
4 198.37 116.89 144.31 589.23 2.30 2.77
5 423.2 152.8 278.15 361.05 2.63 2.56
6 944.61 198.13 536.9 209.75 2.98 2.32
7 2290.32 249 1036.55 108.72 3.36 2.04
8 6761.09 208 1999.4 30.76 3.83 1.49
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 23.4 51.16 20 2186.19 1.37 3.34
2 46.71 73.04 38.61 1563.62 1.67 3.19
3 93.76 100.13 74.55 1067.94 1.97 3.03
4 189.51 136.47 143.92 720.12 2.28 2.86
5 387.06 181.92 278.15 470.01 2.59 2.67
6 798.11 236.08 536.12 295.8 2.90 2.47
7 1469.44 297.91 921.72 202.74 3.17 2.31
8 3622.24 324.12 2000.17 89.48 3.56 1.95
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Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 22.1 69.24 20 3133.08 1.34 3.50
2 45.57 95.67 38.61 2099.47 1.66 3.32
3 96.58 129.67 74.55 1342.68 1.98 3.13
4 214.46 172.69 143.53 805.25 2.33 2.91
5 537.21 221.2 278.53 411.77 2.73 2.61
6 1895.29 278.33 536.12 146.85 3.28 2.17
7 -7004.68 235.68 1035.78 -33.65
8 -1701.44 220.1 1999.4 -129.36
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 23.15 24.52 20 1059.31 1.36 3.03
2 45 35.82 38.61 796 1.65 2.90
3 87.98 53.68 74.55 610.12 1.94 2.79
4 173.16 79.13 143.92 456.95 2.24 2.66
5 344.16 110.35 278.15 320.63 2.54 2.51
6 690 152.42 536.12 220.9 2.84 2.34
7 1410.1 202.79 1035.78 143.81 3.15 2.16
8 2956.65 262.07 2000.17 88.64 3.47 1.95
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 23.78 31.61 20 1328.89 1.38 3.12
2 46.5 45.49 38.61 978.12 1.67 2.99
3 91.3 64.87 74.55 710.51 1.96 2.85
4 180.09 91.33 143.92 507.13 2.26 2.71
5 357.3 125.74 277.76 351.91 2.55 2.55
6 714.56 167.58 536.12 234.52 2.85 2.37
7 1445.66 219.17 1035.78 151.6 3.16 2.18
8 2967.21 280.01 2000.17 94.37 3.47 1.97
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 23.57 31.74 20 1346.52 1.37 3.13
2 46.15 46.27 38.61 1002.48 1.66 3.00
3 90.78 66.33 74.55 730.66 1.96 2.86
4 179.55 93.36 143.92 519.96 2.25 2.72
5 357.63 128.32 277.76 358.81 2.55 2.55
6 720.49 172.54 536.9 239.47 2.86 2.38
7 1467.06 222.73 1035 151.82 3.17 2.18
8 3056.13 281.47 2000.17 92.1 3.49 1.96
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 24.14 32.67 20 1353.27 1.38 3.13
2 46.51 47.07 38.61 1011.97 1.67 3.01
3 90.34 66.99 74.55 741.51 1.96 2.87
4 177.01 94.88 143.92 536.03 2.25 2.73
5 350.4 134.25 277.76 383.12 2.54 2.58
6 703.48 181.46 536.12 257.95 2.85 2.41
7 1442.83 236.12 1035.78 163.65 3.16 2.21
8 3057.25 302.18 2000.17 98.84 3.49 1.99
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Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 27.58 49.39 20 1790.67 1.44 3.25
2 49.71 66.2 38.61 1331.7 1.70 3.12
3 93.57 91.86 74.55 981.72 1.97 2.99
4 181.89 125.53 143.92 690.13 2.26 2.84
5 366.05 167.46 277.76 457.48 2.56 2.66
6 778.68 219.72 536.12 282.16 2.89 2.45
7 1886.57 279.53 1035.78 148.17 3.28 2.17
8 8371.09 295.46 2000.17 35.3 3.92 1.55
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 24.17 40.46 20 1674.11 1.38 3.22
2 47.19 57.45 38.61 1217.38 1.67 3.09
3 92.66 80.9 74.55 873.06 1.97 2.94
4 183.13 112.15 143.92 612.42 2.26 2.79
5 364.84 152.31 277.76 417.46 2.56 2.62
6 737.49 200.41 537.67 271.75 2.87 2.43
7 1506.91 256.74 1035.78 170.38 3.18 2.23
8 3163.16 319.88 2000.17 101.13 3.50 2.00
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 23.26 62.22 20 2674.63 1.37 3.43
2 47.89 84.11 38.61 1756.31 1.68 3.24
3 100.84 110.29 74.55 1093.73 2.00 3.04
4 220.46 142.25 143.92 645.23 2.34 2.81
5 517.31 181.03 277.76 349.95 2.71 2.54
6 1435.64 227.99 536.12 158.81 3.16 2.20
7 8314.35 196.41 1036.55 23.62 3.92 1.37
8 -6747.21 206.08 2000.17 -30.54
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 23.54 116.18 20 4935.75 1.37 3.69
2 55.88 145.97 38.61 2612.18 1.75 3.42
3 197.6 181.26 74.55 917.29 2.30 2.96
4 -268.92 215.43 143.92 -801.1
5 -7.07 179.61 277.76 -25388.61
6 159.01 86.07 537.67 541.3 2.20 2.73
7 443.41 92.17 1035.78 207.87 2.65 2.32
8 0 98.76 0 Err!
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 20.8 14.39 20 691.73 1.32 2.84
2 41.13 25.7 38.61 624.84 1.61 2.80
3 81.62 42.07 74.55 515.51 1.91 2.71
4 163.19 64.6 144.31 395.87 2.21 2.60
5 326.34 98.11 277.76 300.66 2.51 2.48
6 659.84 141.14 536.12 213.91 2.82 2.33
7 1349.21 195.59 1035 144.97 3.13 2.16
8 2805.41 257.81 2000.17 91.9 3.45 1.96
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Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 20.44 8.44 20 412.97 1.31 2.62
2 40.36 15.44 38.61 382.68 1.61 2.58
3 79.88 26.09 74.55 326.58 1.90 2.51
4 158.49 41.62 143.92 262.58 2.20 2.42
5 315.24 65.89 277.76 209.02 2.50 2.32
6 629.05 100.48 536.12 159.72 2.80 2.20
7 1260.82 145.14 1035.78 115.11 3.10 2.06
8 2535.39 200.51 2000.17 79.08 3.40 1.90
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 20 -18.27 20 -913.27
2 38.61 -15.26 38.61 -395.21
3 74.55 -10.31 74.55 -138.31
4 143.92 -1.92 143.92 -13.34
5 253.09 11.55 278.15 45.62 2.40 1.66
6 504.21 31.94 536.9 63.35 2.70 1.80
7 1051.54 62.18 1035.78 59.13 3.02 1.77
8 2678.31 103.61 2000.17 38.68 3.43 1.59
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 28.65 82.2 20 2868.58 1.46 3.46
2 58.81 102.71 38.61 1746.45 1.77 3.24
3 122.33 125.86 74.55 1028.9 2.09 3.01
4 259.22 150.82 143.92 581.84 2.41 2.76
5 565.2 175.53 278.15 310.55 2.75 2.49
6 1281.97 191.52 536.12 149.39 3.11 2.17
7 3145.02 202.56 1036.55 64.41 3.50 1.81
8 8996.63 228.44 2000.17 25.39 3.95 1.40
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 23.58 46.75 20 1982.52 1.37 3.30
2 48.06 63.56 38.61 1322.51 1.68 3.12
3 99.45 84.9 74.55 853.61 2.00 2.93
4 209.86 110.95 143.53 528.68 2.32 2.72
5 462.24 141.97 277.76 307.13 2.66 2.49
6 1087.48 176.3 536.9 162.12 3.04 2.21
7 2960.97 174.64 1036.55 58.98 3.47 1.77
8 13574.57 188.35 2000.17 13.88 4.13 1.14
Stage Corrected shear 
rate (/s)
Corrected shear 
stress (kPa)
Shear rate 
(/s)
Shear viscosity 
(Pa.s)
log corr 
shear rate
log corr 
viscosity
1 23.63 47.51 20 2010.23 1.37 3.30
2 48.21 64.88 38.61 1345.57 1.68 3.13
3 99.91 86.42 74.55 864.94 2.00 2.94
4 211.31 112.65 143.53 533.1 2.32 2.73
5 467.29 144 277.76 308.17 2.67 2.49
6 1108.23 179.01 536.9 161.53 3.04 2.18
7 3081.38 168.33 1036.55 54.63 3.49 1.78
8 15880.07 191.76 2000.17 12.08 4.20 1.08
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